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Preface

Green energy and Green technology are the most of the quoted terms in the
context of modern science and technology. Technology which is close to nature
is the necessity of the modern world which is haunted by global warming and
climatic alterations. Proper utilization of solar energy is one of the goals of
Green Energy Movement.

The present thesis deals with the work carried out in the field of nanotech-
nology and its possible use in various applications (employing natural dyes)
like solar cells. Unlike artificial dyes, the natural dyes are available, easy to

prepare, low in cost, non-toxic, environmentally friendly and fully biodegrad-
able.

Looking to the 215 century, the nano/micro sciences will be a chief con-
tributor to scientific and technological developments. As nanotechnology pro-
gresses and complex nanosystems are fabricated, a growing impetus is being
given to the development of multi-functional and size-dependent materials. The
control of the morphology, from the nano to the micrometer scales, associated
with the incorporation of several functionalities can yield entirely new smart hy-
brid materials. They are special class of materials which provide a new method
for the improvement of the environmental stability of the material with inter-
esting optical properties and opening a land of opportunities for applications
in the field of photonics. Zinc oxide (ZnO) is one such multipurpose material
that has been explored for applications in sensing, environmental monitoring,
and bio-medical systems and communications technology. Understanding the
growth mechanism and tailoring their morphology is essential for the use of
ZnO crystals as nano/micro electromechanical systems and also as building
blocks of other nanosystems.

One approach to the design of technologically important class of oxide ma-
terials is the incorporation of the natural organic molecules to modify inorganic
nano/microstructures. In this instance, the inorganic oxide contributes to the
enlarged functionality by incorporation, as one component in a hierarchical
structure where there is a synergistic interaction between organic material and
the inorganic oxide. These organic- inorganic frameworks are particularly at-
tractive from several perspectives such as they possess a remarkable chemical
and structural diversity. The ability to connect the functionalities to the ma-
terial expands the scope of the science significantly.

vii



Both the design and characterization of nonlinear optical (NLO) materials
have attracted very much in order to discover and develop materials possess-
ing large nonlinearities and satisfying various technological requirements for
photonic device applications. Various nonlinear optical spectroscopy, including
wave mixing, Z scan and transmission methods, have been developed to mea-
sure the third-order nonlinearity of a material. The Z-scan method has become
a standard tool for measurement of the nonlinear absorption and nonlinear re-
fractive index coefficients of various NLO materials because of its simplicity,
its high sensitivity, and its indication of the sign and type of nonlinearity im-
mediately after the measurement is finished.

Detailing the chief merits of nano/micro composites as photonic media are
included in this thesis. Several optical and solar cell applications where the
nano/micro structures play a critical role are presented. The focus is on the
optical characterization of nanocomposites for the photonic device applications
including optical limiting, optical switching and solar cell applications. The
interactions of biomolecules with the ZnO low dimensional structures provide
new opportunities for the development of photonic devices. The natural dye
reinforcements with the biodegradable polymers have a high potential for the
design of environmentally friendly ‘green materials’ for the future applications.
These hybrid materials can provide promising applications in optics, electron-
ics, ionics, mechanics, membranes, functional and protective coatings, catalysis,
sensors and biology. Finally, we focus on the device performance i.e. dye sen-
sitized solar cells (DSSCs) that represent a cheap and clean technology that
harnesses solar energy efficiently. DSSC with various photo-anodes were fabri-
cated using betanin natural dye from red beets. Results at this date show that
betanin dyes are efficient sensitizer in DSSC applications and are environmen-
tally and economically superior to standard ruthenium-based dyes currently
used in DSSC. Following is the chapter wise description of the thesis.

Chapter 1 gives an over view of the morphology engineering of ZnO struc-
tures, properties and applications to Photonics especially dye sensitized so-
lar cells (DSSC). This chapter discusses the opportunity of natural dye as
a photonic material along with their applications. The importance of hy-
brid/composite materials and the basics of nonlinear optics are also mentioned
in this chapter.

The purpose of chapter 2 is to provide an overview of the experimental
techniques that were applied to investigate the crystal samples and character-
ization of ZnO films. Within the individual sections the fundamental princi-
ples and details of experimental techniques are briefly explained. The films
discussed in this work were grown by tape casting method and by two step
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solution method. Various analyzing tools were used to investigate the electri-
cal, optical and structural properties of the films. The surface morphology was
characterized as well. In order to test the device performance, current-voltage
measurement was used.

Studies on the low dimensional structures of ZnO have been carried out
extensively over the last decade not only for their remarkable chemical and
physical properties, but also for their current and future diverse technological
applications. The chapter 3 gives a comprehensive overview of the progress
that has been made in the context of ZnO low dimensional structures via wet
chemical method. We will cover several growth experiments under different
conditions such as time, precursor concentration and temperature to rationally
get control over the morphologies of the nanostructures. Morphological control
techniques in this system will contribute to the development of the future oxide
devices. Their linear optical properties are also studied.

In chapter 4, we report a methodical study on the third order optical non
linearity of anisotropic growth of ZnO crystals embedded in polymeric matrices
and nanowires on the glass substrate with the use of pre-existing textured ZnO,
ZnS and TiOy seeds employing Z-scan method with Nd: YAG laser (532 nm,
7 ns, 10 Hz). The controlled morphologies of ZnO including dumb bell (DB)
microrods, nanoflakes, nanoplates and microrods are prepared by low temper-
ature wet chemical method. The studies show that the optical non linearity
of ZnO crystals is highly dependent on the structural geometry. Our study of-
fers better insights into the third-order nonlinear optical characteristics of ZnO
crystals and reveals the great potential for applications in nonlinear photonic
devices.

Chapter 5 deals with the solvent effect on the third order optical non lin-
earity of betanin natural dye extracted from red beet root using a Q-switched
Nd: YAG laser at 532 nm. The third order non linearity of these samples are
dominated by non linear absorption ,which leads to strong optical limiting and
their strength is influenced by the solvent used, suggesting that betanin natural
dyes are promising candidates for the development of photonic non linear optic
devices.

Chapter 6 contains the intensity dependent nonlinear absorption prop-
erties of bio-inspired hybrid materials (betanin-ZnO) embedded in polymeric
matrices employing the Z-scan technique using an Nd: YAG laser. We ob-
served a change over in the sign of nonlinearity due to the interplay of exciton
bleaching and optical limiting mechanisms. Light confinement effect and ship-
in-a bottle effect play crucial roles. Theoretical analysis has been performed
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using a model based on nonlinear absorption coefficient and saturation inten-
sity. The result of the present study gives an additional mechanism for the gain
enhancement in dye doped ZnO matrix.

Performance of DSSC based on betanin natural dye from red beets with
various nanostructured photo-anodes on transparent conducting glass has been
investigated in chapter 7. Moreover, the influences of various electrolytes have
been studied. Cell efficiency of 2.99% and overall photon to current conver-
sion efficiency of (IPCE) 20% were achieved using ZnO photoanode with iodide
based electrolyte in acetonitrile (ACN) solution. To enhance solar harvesting
in organic solar cells, uniform sized metal nanoparticles (gold (Au) of ~8 nm)
synthesized by microwave irradiation method were incorporated into the device
consisting of ZnO. Enhanced power conversion efficiency of 1.71% was achieved
in ZnO/Au nanocomposite compared to the 0.868% efficiency of the bare ZnO
DSSC with ferrocene based electrolyte. We also report heterojunction DSSC
using ZnO composites synthesized through a simple facile two step solution
growth method using pre-existing textured ZnO, ZnS, CdS and TiOs seeds
and also a ZnO DSSC decorated with highly conducting and chemically stable
titanium nitride (TiN) nanoparticles (NPs). Effects of their incorporation on
the cell performance are studied.

The summary and conclusions based on the present work are given in chap-
ter 8. A brief report on the future prospects and the possibility of the extension
of the present work are also included in this chapter.

Following section is the list of publications arising out of the work presented
in the thesis. Copies of some of the selected papers are included as an appendix
at the end of the thesis.
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Chapter 1

Introduction: Principles
and Basic Literature
Survey

1.1 Abstract:

This chapter is an over view of the morphology engineering of zinc oxide
(ZnO) structures, properties and device applications to photonics especially
dye sensitized solar cells (DSSC).This chapter also discusses the possibility of
natural dye as a photonic material along with their applications. The impor-
tance of hybrid materials and the basics of nonlinear optics are also mentioned
in this chapter.

1.2 Background

The world’s growing awareness towards health and safety stresses the need
for monitoring all aspects of the environment in real time. This awareness has
led to the intense study towards the development of the environmentally safe
devices. With the rapid development of the science and technology into the
nanoscale regime, one needs to synthesize low dimensional structures, to ad-
dress their peculiar physical, chemical and optical properties related to their
dimensionality with an emphasis to explore their possible applications. The
combination of different synthesis techniques and materials of nanometre di-
mensions, nanoparticles decoration has been used to enhance the properties
of the photonic devices. Wide band-gap semiconductor nanostructures are of
particular interests which allows the possibility to tune the optoelectronic prop-
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erties of devices working from infrared to ultraviolet range [1].

Although ZnO crystals may not be worth much for their appearance, it is
their other belongings that make them useful. These crystals can be used in
light emitting diodes (LEDs), solar cells and other optical devices, electronic
devices, as well as biological and gas sensors [2-4]. It is often the case that
their suitability for a certain purpose is deeply dependent upon its overall
shape. However, only a certain face of the crystal is active. Thus, the tailored
growth of inorganic crystals with high aspect ratios has been a long standing
goal for material scientists [5]. In this thesis the controlled growth of one
particular inorganic crystal, ZnO was investigated. ZnO was chosen as it has
wide band gap (3.37 eV) and a large exciton binding energy (60 meV) and
exhibits potential applications in many areas such as laser diodes, solar cells,
gas sensors, optoelectronic devices depending upon its shape [6-7].

1.2.1 Material properties of ZnO

ZnO, a representative of II-VI semiconductor compounds, has a unique po-
sition due to its piezoelectric and transparent conducting properties [8-11] and
has high electrical conductivity and optical transmittance in the visible region.
These properties make it a perfect candidate for applications like transparent
conducting electrodes in flat panel displays and window layers in solar cells.
Zn0O has very good thermal properties like high melting point, high thermal
capacity and conductivity and a low coefficient of thermal expansion which
makes it suitable for use as a ceramic [12-14]. Apart from this, bio-safe char-
acteristics of ZnO make it smart for the biomedical applications. Some of the
properties of ZnO [1-12]are shown in table 1.1.

Figure 1.1: The structure of Wiirtzite ZnO

The hexagonal Wiirtzite, the cubic zinc blende and the cubic rock salt are
the three crystal forms of ZnO. Natural ZnO exclusively forms hexagonal crys-
tals with a Wiirtzite structure (Figure 1.1), and it is most commonly used as it
has the highest stability under normal working conditions having a point group
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Table 1.1: Important properties of ZnO

Property Value
Molecular formula Zn0O
Molar mass 81.4084 g/mol
Density 5.606 g/cm?
Melting point 1975°C
Boiling point 2360°C
Refractive index 2.0041
Relative dielectric constant 8.66
Energy gap 3.37 eV
Exciton binding energy 60 meV

Electron mobility (at 300 K)

200 cm?/V.sec

Hole mobility (at 300 K)

5-50 cm?/V.sec

Thermal conductivity

0.6-1.2 Wem 1K1

Specific heat capacity

Cp=40.3 J mol 'K~!

Lattice constants ag = 0.32469 A% ¢y = 0.52069 A°

of Cgy(6mm). The three native faces of ZnO crystal are: the Zn-terminated
(0001) plane, the O-Terminated (0001) plane and the six equivalent non-polar
(1010) planes.

1.2.2 Morphology engineering of ZnO structures

Engineering of the crystal’s morphology and microstructure has initiated
great research interest and is essential for the development of future devices,
since their physical properties depend on their dimensions and crystallographic
structure. It has attracted increasing interest due to its potential applications
in electronics [13], photonics [15], sensors [16], transistors [17], field emission
displays [18], etc. It is one of the most gifted materials for the fabrication of
short-wavelength optoelectronic devices [19]. ZnO possesses one of the richest
family of nanostructures: nanorods, nanopillars, nanowires, nanotowers, nan-
otree, nanopropellers, nanobelts, nanobridges etc have been widely reported in
literature[20]. However, such interesting morphologies of ZnO nanostructures
complicate their functionality, i.e. hamper their practical applications, while
the controllable growth of ordered and uniform ZnO nanostructure is highly
desirable and may enable their possible applications in various devices.

In 2002, Jun Zhang et al.[21] reported nanosized ZnO with a diversity
of well-defined morphologies, such as flower, snowflake, prism, prickly sphere,
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and rod like samples and has been successfully fabricated by a simple solution
approach by mixing 0.5 mol/L ZnAcs and 5 mol/L NaOH solutions, while Zn
(NH3)42* precursor was prepared by mixing 0.5 mol/L ZnAc, and fresh ammo-
nia. It was found that the variations in solvent, precursor, reaction temperature
and time, and solution basicity have significant effects on ZnO morphology. In
2004, Hui Zhang, Deren Yang et al.[22] developed different shapes of ZnO
microcrystals by a capping-molecule-assisted hydrothermal process. The flow-
erlike, disk like, and dumbbell-like ZnO microcrystals of hexagonal phase high
crystal quality had been obtained respectively using ammonia, citric acid and
poly vinyl alcohol (PVA) as the capping molecules. Yoshitake Masuda et al
[23] proposed an aqueous solution system to synthesize crystalline ZnO particles
and to evaluate morphology control of ZnO particles. Their crystalline particles
having long hexagonal cylinder shape, short hexagonal cylinder shape, rounded
hexagonal cylinder shape, rounded ellipse shape, pointed ellipse or multi-needle
shapes were homogeneously nucleated and precipitated in aqueous solutions at
50°C by varying [NH3]/[Zn] ratio from 2-6. Researchers Seungho Cho et al.[24]
had developed morphology-controlled growth of ZnO nano- and microstruc-
tures by microwave irradiation and a subsequent ageing process at 90°C for
15 min. In 2010, S.L.Yang et.al.[25] reported morphology-controlled growth
of tetrapod ZnO nanostructures by reaction of high-purity Zn granules with
oxygen using an arc discharge method.

V.Khranovskyy et al [26]reported the atmospheric pressure metal organic
chemical vapour deposition (APMOCVD) growth of ZnO nanostructures of
diverse morphology within temperature range 200-500°C using zinc acetyl ace-
tonate as a single source precursor. They reported the distinctive feature,
i.e. the nanostructures morphology changes systematically with the tempera-
ture, driven by ZnO crystal planes anisotropy and obeying the crystal growth
theory. Within the temperature range 200-500°C ,applying the varying pre-
cursors pressure ,the nanostructures undergo the evolution of their shape from
the polycrystalline blocks of nanocrystals to the ordered textured array of the
nanorods. In 2012, Wenzhong Wang et al [27] developed methods to synthe-
size using environmentally friendly NaCl non aqueous ionic liquid route ZnO
nanostructures including nanowires and nanoplates.

1.2.3 Properties and device applications of ZnO

In this section we describe the physical properties of ZnO and relate them to
current applications in electronic and optoelectronic devices. ZnO is a promis-
ing material for semiconductor device applications; it has a direct and wide
band gap in the near UV-spectral region and a large free-exciton binding en-
ergy [28,29]. The wide band gap energy enables applications in optoelectronics
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in the blue/UV region including light emitting diodes, photo detectors and laser
diodes. The ZnO crystals are almost always n-type, this n-type conductivity
makes it suitable for applications in field emission displays and vacuum fluores-
cent displays. The high thermal conductivity of ZnO translates into the high
efficiency of heat removal during device operation, and this property makes
ZnO useful as an additive [30]. ZnO crystals exhibit second and third order
nonlinear optical behaviour, which is suitable for the integrated nonlinear op-
tical devices.

Commercially available ZnO varistors ,made of semiconducting polycrys-
talline films,have high nonlinear resistance i.e. high non-ohmic currentvoltage
characteristics which is attributed to the grain boundaries. The conductivity of
ZnO thin films is very sensitive to the exposure of the surface to various gases
and this strong sensitivity makes ZnO useful as a sensor [31]. In piezoelectric
materials, an applied voltage can generate a deformation in the crystal and vice
versa and are generally used as sensors, transducers and actuators. The low
symmetry of the wurtzite crystal structure along with a large electromechanical
coupling in ZnO gives rise to strong piezoelectric and pyroelectric properties.
Semiconductor device fabrication processes greatly benefit from the amenabil-
ity to low-temperature wet chemical etching which adds great flexibility in
the processing, designing and integration of electronic and optoelectronic de-
vices. In addition to the above mentioned properties, ZnO has also attracted
consideration due to the possibility of making thin film transistors on flexible
substrates with high electron mobilities compared to the amorphous silicon [32].
ZnO is regarded as a promising alternative to TiO9 for transparent conductive
electrode application in solar cell, since it has similar band gap and electron
affinity values to those of TiO5 and it is also an environment friendly oxide
semiconductor.

1.3 Natural dye as a photonic material

A vast array of dyes obtained from natural sources such as plants, in-
sects/animals and microbes have been examined in recent past for their use in
various applications. Investigation into new natural dye sources have greatly
aided in widening the scope of natural dyes in various traditional and advanced
application disciplines. The majority of natural dyes are vegetable dyes. Plant
dyes may contain several compounds and their proportions vary with the nature
of soil and the climate. Historically, natural dyes were used in textile industry,
and by the mid-1800s chemists began producing synthetic dye substitutes for
them. By the early part of this century only a few percentage of dyes were
extracted from plants. Lately there has been increasing attention in natural
dyes, as the public becomes aware of ecological and environmental problems
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related to toxic from the complex world of synthetic dye process.

1.3.1 Advantages of natural dyes

Natural dyes are more eco-friendly than the synthetic dyes

Natural dyes are free from carcinogenic components

Depth of some natural dyes are enhanced with age

Most of them are known as antioxidants

The colours of dyes depend on the source of the dye and the mordants
High diversity of rich and complex natural dye colours

Different colours go well together and rarely clash

Beauty of the results when using natural dyes

Excitement of unexpected results

Satisfaction of growing your own dye plants and produce your own colours
Self-sufficiency if growing your own plants for plant dyes

Non dependence on non-renewable materials

Allowing endless experimentation

Allowing the replication of ancient techniques

Aromatic smell when simmering the plants

1.3.2 Disadvantages of natural dyes

Require large quantities in comparison to chemical dyes
Longer time required for natural dyeing.

There is still a dependency on chemicals or mordant for bonding the
colour to the fabric.

Need of huge amount of water.
Availability of natural dyes are limited
Difficult to reproduce shades

As the natural dyes are extracted from plants mostly, they are dependent
on growing seasons

Even though natural dyes produce bright colours and different shades
but tend to fade faster than the synthetic dyes.

Consistency is a problem as no two dye lots are identical due to the
impurities in them
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1.3.3 Betalain plant pigments

In the plant world, pigments play a vital role in the survivability of species
and they have been extensively investigated as sensitizers for the DSSC. Pig-
ments have properties allowing them to power photosynthesis, protect from
oxidative stress, or attract pollinators with their colour. These pigments vary
not only in colour, but structure and function. There are four types of nat-
ural plants pigments: chlorophyll, carotenoids, anthocyanins, and betalains
[33]. Chlorophyll is active in photosynthesis, absorbing mostly yellow and
blue light and facilitating the transfer of energy from sunlight to a plant [34].
Carotenoids often act as an accessory pigment to chlorophyll in the fruit or
roots of plants, capable of both participating in photosynthesis and dissipating
excess energy from the sun through oxidation [35]. The anthocyanins are water
soluble flavonoids responsible for the red and blue colours of many fruits and
leaves.They are not involved in photosynthesis and may serve as antioxidants,
photo protective agents and osmotic regulators [36,37]. Betalains and antho-
cyanins are mutually exclusive in their natural occurrence; it is interesting that
the two have never been found in any of the same plants [38,39]. Betalains are
water-soluble nitrogen-containing pigments, which comprise the red-violet be-
tacyanins and the yellow-orange betaxanthins. The betalain is relatively stable
over broad pH range from 3 to 7 [40] and have several applications in food such
as deserts, dry mixes and dairy, comprise the red-purple betacyanins, betanin
(I) and betanidin (II), with maximum absorptivity at Ayqe about 535 nm, and
the yellow betaxanthins with A,,q, near 480 nm [41]. The structure of indicax-
anthin (III), a common betaxanthins found in beet root, is shown in figure 1.2.
Betanin, the red-purple pigment distributed in beets, is the 5-O—glucoside of
betanidin.

Betalains accumulate in flowers,fruits and occasionally in vegetative
tissues of plants belonging to most families of the Caryophyllales [42] but have
also been found in some higher fungi, for example in the fly agaric(Amanita
muscaria). Even though the functions of betalains in plant flower and fruit
colouration are obvious, their role in fungi is unknown. There is growing in-
terest in the use of natural pigments for food colouring, since synthetic dyes
are becoming more and more critically assessed by the consumer. In food pro-
cessing, betalains are less commonly used than anthocyanins and carotenoids,
although these water-soluble pigments, stable between pH 3 and 7, are well
suited for colouring low acid food. The most important source of betanin is
the red beet root.
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Figure 1.2: Structure of betalain pigments

1.3.4 Applications of natural dye in different fields

While the usage of natural dyes is growing in food industry and in modern
medicine, there is also an interest in nanophotonics applications in the field
of nonlinear optics as well as green photosensitising media in dye sensitised
solar cell technology. Some of the applications of natural dyes are depicted in
figurel.3.
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Figure 1.3: Various applications of natural dye

1.4 Hybrid materials

Organic-inorganic hybrid materials represent the natural interface between
two worlds of chemistry each with major contributions to the field of material
science. The art of combining dissimilar components to yield a smart natural
material is not new, in fact it goes way back to ancient construction materials
like Adobe, which was used to build houses and was made from the mixture of
clay (inorganic) and straw (organic)[43]. Nevertheless, the modern concept of
hybrid materials is away from the concept of a mixture of these components.
The organic-inorganic composites can be broadly defined as nanocomposites
that found a compromise between different properties or functions such as
mechanics, density, permeability, and colour. The structure-function relation-
ship of organic-inorganic hybrid structure exhibits an interface where there is
a synergistic interaction between the organic and inorganic components. It
has influence on the bio-mineralization, hydrogen bonding, and hydrophilic-
hydrophobic interactions. Based on the bonding, chemical nature between
organic inorganic interface, the hybrid materials can be classified as class I and
class II. In class I, organic and inorganic components are embedded and only
weak bonds (hydrogen, van der Waals or ionic bonds) give the cohesion to the
whole structure and in class II materials, the two phases are linked together
through strong chemical bonds (covalent or iono-covalent bonds).

The Maya blue pigment is a beautiful example of an old man-made class
I hybrid material for which conception was the fruit of an ancient serendipitous
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Figure 1.4: Examples of Mayan paintings where Maya blue was used

discovery which is a composite of organic and inorganic constituents, primarily
indigo dyes derived from the leaves of plants combined with a natural clay.
Ancient Maya fresco paintings are characterized by bright blue colours that
had been miraculously preserved (Figure 1.4).[44]. Indeed Maya blue is an
extremely resistant pigment, not only resisting biodegradation, but showing
also extraordinary stability when exposed to acids, alkalis and organic solvents
[44,45].

1.4.1 Optical nonlinear composites

The ability to control the structure at the nanoscale opens new hori-
zons and vast opportunities to create new materials with superior performance.
Nanocomposite materials show great promise as they can provide the necessary
stability and processability for the applications in optical switching, waveguides
and optical fibers.

Nanomaterials are an exciting subject in the field of both fundamental
study and applied science. Recent research has progressed to nanocompos-
ite materials with various structures and functions. Among the corporative
candidates for constructing nanocomposites, polymers are the best choice, as
they have many complementary functions such as elasticity, viscosity and plas-
ticity that inorganic nanocrystals lack. Photonic nano/micro composite are
generally constructed by embedding an optically functional guest materials at
nano/micro scale into an optically transparent host matrix. The schematic
representation of optical composite is shown in figure 1.5.

The assembly of nanoparticles in matrices is of major interest in several
optical and sensor applications [46]especially those which require large area
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Figure 1.5: Schematic of optical composite

coating. Polymeric materials are the perfect choice for such an integrated plat-
form due to their lightweight and often ductile nature. They generally have
a low-cost room-temperature fabrication process. However, they have some
drawbacks, such as low modulus and strength compared to metal and ceram-
ics. Polymers can be synthesized with customer-defined optical characteristics
such as selective transparency bands in different spectral ranges, variable re-
fractive indices, low birefringence, etc. The common approach to such mate-
rials includes casting of films using the mixture of nanoparticles and polymer;
in these physical mixtures, polymers and nanoparticles are connected through
static interaction, van der Waals forces or Lewis acid base interactions, and
inbuilt growth inside the solid matrix in which bonding between polymers and
nanostructured materials occurs chemically [47].

Polymer matrices reinforced with micro and nanoparticles possess proper-
ties superior to those of the starting materials and can enhance their properties
of the polymers due to the strong interfacial adhesion or interaction between
the organic polymer and the inorganic particles. They exhibit high optical
damage threshold, micro-hardness, good thermal stability, etc and enable the
transformation of radiations over a wide spectral range with better efficiency
than polymers and dyes separately [48]. ZnO has wide band gap with large
refractive index and exciton binding energy, high catalysis activity, effective
antibacterial and bactericide function and intensive ultraviolet and infrared
absorption which make these particles of particular interest. Composites based
on this can be widely utilized in coatings, rubbers, plastics, sealants, fibres and
other applications [49].

Thus nano/micro composite provide a new method to enhance the process-
ability and stability of materials with interesting optical properties. Organic
dye-polymer nanocomposites have been generating significant research atten-
tion by way of their high degree of compatibility, easy mode of preparation, flex-
ibility in molecular design strategy, versatility and diverse functionality. The
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interactions of biomolecules with the ZnO low dimensional structures provide
new opportunities for the development of photonic devices. The composites
have wide applications ranging from solid-state amplifier films to transparent
magnets. On the whole, their opportunities and rewards appear to be great ,
and hence there is an excellent worldwide interest in these materials. Materials
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Figure 1.6: Applications of advanced hybrid organic-inorganic nanomaterials
(nanocomposites): from laboratory to market

with large optical nonlinearity are key elements in many areas of photonics
and optical technology such as all-optical switching (optical computer) devices,
three dimensional fluorescence imaging, and optical limiting. However, most of
the synthesized materials require elaborate preparation procedures and safety
measures, use or generation of hazardous materials, costly materials, as well as
fragile or chemically unstable structures beyond certain threshold irradiance.
Therefore, we suggest natural dye extracts as environment friendly, safe, and
inexpensive materials, as well as having high chemical stability during optical
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excitations with coherent light sources. The natural pigments from plants have
been extensively investigated as sensitizers for the DSSC.Besides anthocyanins,
chlorophylls, and carotenoids, betalains are the most common pigments in the
plant kingdom. Though the former have inherent limitations as sensitizers
owing to weak absorption of green wavelengths, the absorption spectra of the
latter have more favourable overlap with the solar spectrum.

Without any doubt, hybrid materials will soon generate smart micro-optical
and photonic materials and play a major role in the development of advanced
functional materials. Some of the applications of hybrid organicinorganic nano-
materials (nanocomposites): from laboratory to market [50] is shown in figure
1.6.

1.5 Nonlinear optics

Nonlinear optics (NLO) is the study of field induced modification of the
optical properties of a material system. The observation of nonlinear effects
requires the application of laser beam. Observation of second harmonic gen-
eration (SHG) by Franken et al.(1961) marked the beginning of the field of
NLO[51], shortly after the demonstration of the first working laser by Maiman
in 1960. They propagated a ruby laser beam (6942A°) through a quartz crys-
tal and observed ultraviolet radiation (3471 AY) from the crystal. It should
be noted that some nonlinear effects were discovered prior to the invention of
the laser. The observation of saturation effects in the luminescence of the dye
molecules reported by G.N. Lewis et al.(1941) is an example for this[51,52].
Numerous NLO phenomena have been discovered since 1961.

In nonlinear optics, the optical response, the polarization P(t), can be
described as a power series in the field strength E(t) as

P(t) = eo[xXVE (t) + XD E2(t) + XD E3(t) + ... = P(1)t + P(2)t + P(3)t + ...

(1.1)

The quantities x(®) and x(®) are known as the second and third-order non-

linear optical susceptibilities, respectively. SHG can occur only in non cen-

trosymmetric crystals i.e, in crystals that do not display inversion symmetry.

On the other hand, third-order nonlinear optical interactions can occur for both
centro-symmetric and non centro symmetric media.

The studies of nonlinear processes in photonic materials are crucial in the
context of their technological applications, especially in areas such as passive
optical power limiting, optical switching, design of logic gates, frequency con-
version and electro optic (EO) applications especially in EO modulators and
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such materials are capable of processing information with the speed of light. In
the last three decades there has been increasing awareness of organic materials
due to their large nonlinear optical responses. This enhancement is due to
the existence of conjugated electron systems and hydrogen bonding of organic
molecules. They generate NLO material with large hyper-polarisability which
is obtained from the charge transfer mechanism of molecular structure.

The organic-inorganic composites offer tremendous opportunities in mate-
rial engineering to produce suitable materials with wonderfully tailored physical
properties. Sufficient attention has not been paid towards the proper utiliza-
tion of their capabilities in photonic device applications. Thus, there exists a
pressing need to develop novel optical materials, for which a deep insight into
the optical processes is essential.

The goal of this thesis is to develop the nonlinear optical materials with
large optical nonlinearity and to simultaneously satisfy growing technological
and economical requirements. Such a progress in nonlinear optical materials re-
quires an in-depth knowledge of material’s nonlinear polarization mechanisms,
and of their relation to the material structure. The interaction of intense light
with matter leads to the stimulated emission and absorption, complicated en-
ergy transitions from molecular systems and the generation of free carriers in
solids. These phenomena are manifested optically in a reduced or increased
absorption.

1.5.1 Saturable absorption

Saturable absorption (SA) is a significant deterioration of absorptive prop-
erties of the optically nonlinear material with increase in the incident light
intensity. Such a material is also referred to as a saturable absorber. The fol-
lowing factors may contribute to the absorption drop, the excited states of the
material having longer life time and the excited state absorption being much
smaller than the ground state absorption. Indeed the ground state will be
rapidly depleted and will not be repopulated at high input pulse . This will
lead to a drop in the absorption as the excited state absorption cannot match
the same level of absorption as the ground state absorption produces. At suf-
ficiently high incident light intensity, atoms in the ground state of a saturable
absorber material become excited into an upper energy state at such a rate
that there is insufficient time for them to decay back to the ground state before
the ground state becomes depleted, and the absorption subsequently saturates.
Materials which show saturable absorption properties can be used as saturable
absorber in mode locking to generate ultra-short laser pulses i.e they are useful
in laser cavities (passive mode locking).
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1.5.2 Two/multi photon absorption

Two photon absorption (TPA) is a nonlinear absorption process in which
two photons are absorbed simultaneously by the atom, ion or molecule and an
electron is promoted from the ground state to excited state. The total energy of
the transition is equal to the sum of the two photon energies[53].The schematic
representation of a two photon excitation up-conversion process is shown in
figure 1.7.

Excited state E—

-

Virtual state ———

N

Ground state se—

Figure 1.7: Energy scheme of a two photon excitation up-conversion process

The equation describing the intensity attenuation of a light beam passing
through a material undergoing single photon and two photon absorption is
given by

dI

_ _ 2

where a and [ are constants. The constant (3 is for two photon absorption and
is related to third order susceptibility.

Multi photon absorption (MPA) is another important nonlinear process
in which the material simultaneously absorbs n photons (n>2) of identical or
different frequencies in order to excite an electron from one state to higher
electronic state. The typical MPA processes are TPA and 3PA (three photon
absorption) which belong to the third and fifth nonlinear process, respectively.
MPA is several orders of magnitude weaker than linear absorption and its
strength of absorption depends on higher order of light intensity. MPA is essen-
tial in a wide range of applications such as multi-photon excitation microscopy,
multi-photon micro-fabrication and lithography, photodynamic therapy, optical
limiting and optical data storage.
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1.5.3 Reverse saturable absorption

A class of nonlinear absorbers in which the excited state absorption is
large compared to the ground state absorption can undergo a process called
reverse saturable absorption (RSA).In contrast with saturable absorption,RSA
can result in large absorption by the nonlinear absorber at high incident laser
energies and low absorption at low laser energies. However, transparency at low
input energy, but high absorption at high input energy can be attained with
multi-photon absorbers (MPA) in which two or more photons are absorbed
simultaneously.

1.5.4 Excited state absorption and free carrier absorption

In the case of molecules or polymers, there is a possibility of one-photon
assisted excited electrons being further photo-excited to another higher excited
state i.e. the electron at the low lying excited state (S;) completely relaxes to
the ground state ,it may experience absorption that promotes it to state Ss.
This nonlinear process is known as Excited state absorption (ESA). Free carrier
absorption (FCA) occurs when a material absorbs a photon and the generated
carrier is excited from a filled state to an unoccupied state (in the same band).

1.5.5 Kerr effect

When an intense laser beam passes through a material, the electric field
of the beam can induce a change in the refractive index of the material that
is proportional to the intensity of the beam. This nonlinear effect is known as
Kerr effect. The total refractive index (n) of the material is given by

n=ng+ nal (1.3)

The change in the refractive index can be positive or negative. If change
in the refractive index is positive, the Kerr effect combined with diffraction
can lead to self-focusing of the laser beam since the centre of the beam will
have higher intensity and a higher refractive index change than the edge of the
beam. The index changes are equivalent to having a positive gradient index
lens. If it is negative, self-defocusing can occur.

1.5.6 Optical limiting

Optical limiting is a NLO process in which the transmittance of a material
decreases with increased incident fluences. Optical limiters are one of the im-
portant types of devices used to control the amplitude of high intensity optical
pulses and have a linear transmittance at low input intensities, but above the
threshold intensity its transmittance becomes constant. The ideal behaviour
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of such a device is shown in figure 1.8. One of the main potential applications
of these devices is sensor and eye protection and can also be used for pulse
shaping and smoothing and pulse compression.

output energy (2.u)

& 1 1 1 J
. M on 1 P

input energy (2.u)

Figure 1.8: An ideal optical limiter

Some of the mechanisms responsible for optical limiting are RSA, nonlin-
ear refraction (due to molecular reorientation, electronic Kerr effect, excita-
tion of free carriers, photo refraction, optically induced heating in the mate-
rial, induced scattering (optically induced heating or plasma generation in the
medium),thermal blooming and MPA.

1.5.7 Nonlinear refraction

Nonlinear refraction is a consequence of various phenomena that may take
place in the material such as self focusing or defocusing of light away from
the sensor. Another nonlinear refraction related mechanism is molecular re-
orientation in which a strong electric field applied to a system which con-
tains anisotropic molecules tends to align the induced dipole moments of the
molecules along the direction of the field leading to the change in the refractive
index. The photorefractive effect is another phenomenon related to the inten-
sity dependent refractive index which describes a modulation in the refractive
index due to spatial variation of the intensity formed by the interference of two
coherent incident beams. One effect of the photorefractive mechanism is beam
fanning, which is the coupling between the initially weak scattered beam in a
crystal and the incident beam.

Thermal nonlinearities arise from the absorption of radiation which leads
to heating of the material. As a consequence of this the local density changes
and this in turn will modify the index of refraction of the material. In the case
of nonlinear scattering, the formation of small scattering centers in the device
can be achieved by thermally induced local density changes .Or, by using a
heterogeneous material whose components have matching refractive indices for
low input intensities, while for higher power the indices become mismatched,
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and therefore nonlinear scattering occurs and the increased scattering at higher
intensity directly limits the transmitted intensity.

1.6 Motivation for ZnO based dye sensitized so-
lar cells

Dye sensitized solar cells (DSSCs) have received a tremendous amount of
attention since the first report of a 7% efficient cell in 1991by O’Regan and
Gratzel. Since the first major jump in efficiency in 1991, advances have been
made in relation to many different facets of the cell. Confirmed recorded effi-
ciencies are now 12.3% by the combination of co-sensitization of porphyrin dyes
and a cobalt-complex redox mediator [54] and low-cost production methods are
enabling manufacturing of DSSC products for a variety of markets.

Glass/TTEMetal

Figure 1.9: Schematic representation of a DSSC applying ZnO nanowires as
the electron transport material

DSSCs can be fabricated from low-cost oxide nanoparticles and organic dye
using roll-to-roll processing without the use of expensive vacuum processing or
high temperature which is required for single crystal or thin film solar cell pro-
duction. Over the past two decades, the amount of work has literally grown
exponentially. A typical DSSC consists of a redox electrolyte sandwiched be-
tween a working electrode (WE) and a counter electrode (CE) (figure 1.9).
Platinum film is widely used in fabricating a high performance DSSC since it
has good catalytic activity. The semiconductor film is sensitized with a mono-
layer of dye molecules; photoexcitation takes place in the dye molecules, and
fast electron transfer through the electrolyte to the platinum counter electrode.

The spatial separation between the light-harvesting compound (Dye) and

the charge carrier material in DSSC seems to be the key to their higher effi-
ciency and longer lifetime [55,56]. Despite the fact that TiOs is the most used
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semiconductor oxide in DSSCs, ZnO is being intensely investigated because of
its similarities with the former, i.e. it is a wide band gap semiconductor oxide
(3.37 V) with a conduction band edge located at approximately the same level
as TiOs.

The basic operating principle for solar cell consists of absorption, separa-
tion and collection. Thus, absorption occurs in the first step of the reactions
occurring in DSSC. Under illumination, sensitizer D absorbs a photon which
leads to excited sensitizer state D*. Photo excitation of this sensitizer is then
followed by the electron injection into the conduction band of the semicon-
ductor. This takes the sensitizer to an oxidized state DT. With the electron
donation from the electrolyte, containing a redox couple, the original state of
the dye is restored. Iodide/triiodide couple is the preferred and effective redox
couple used. Iodide regenerates the sensitizer, and gets itself regenerated by
the reduction of triiodide at the counter electrode. This way the circuit gets
completed by transfer of electron via the external load. The following reactions
summarize the working in a lucid manner:

Dapsorbed + hv — Dstorbed (14)
Dstorbed - D:bsorbed + ei;Ljected (15)
I?: + 2e;athode - 3Ic71thode (16)

3 _ 1 _
D;_bsorbed + 51 — Dabsorbed + 513 (17)

Sensitizer is in the form of a dye, mostly metal complex dyes. Although
a lot of dyes have been tested and investigated including natural dyes, Ruthe-
nium complexes have proved to be the most effective consistently. Fruit dyes
like mulberry and others have also been tested for DSSC. Fill factor values of
0.40 to 0.61 have been achieved on dye sensitization of dye extracts from mul-
berry, chaste tree fruit and cabbage palm fruit most effective consistently [57].
ZnO has been proven to be efficient photocatalyst than TiOs when sunlight
is the light source [58]. The longer electron lifetimes observed for ZnO means
lower charge recombination which is beneficial for solar cell performance. An
important advantage of ZnO over TiOs is that it can be synthesized applying
a wide range of synthesis techniques; to obtain a great variety of different mor-
phologies and nanostructured electrodes, especially vertically-aligned nanos-
tructures. The highest efficiency solar cells applying ZnO have only reached
6-7% [59] which is less than the 11.3% obtained with the best DSSC applying
TiOz [60]. Thus it is important to have carefully control parameters, such as
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dye or polymer concentration, pH or sensitization with time, in order to im-
prove solar cell efficiency.

In DSSC, some authors have reported that, contrary to TiOs, low dye
absorption time is required for higher solar cell efficiency [61-63] which indicates
some basic differences in surface chemistry between these two oxides. Keis et.al
reported the difference between dye-sensitization on TiOy and ZnO[62,64]. In
TiOs there is strong adsorption of the carboxyl groups to the surface which
favors monolayer growth and usually 20-24 h immersion time is needed. In ZnO,
however, the sensitization process follows more complicated steps: diffusion of
the dye, adsorption on the ZnO surface, dissolution of Zn surface atoms and
formation of [Dye-Zn?T|complex [65]. Moreover, the acidity of the -COOH
binding groups from the dye affects the chemical stability of the ZnO, which
dissolves and precipitates as a [Dye-Zn?*] complex, which is responsible for the
poor electron injection from the dye [55].
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Figure 1.10: Survey of the specific conversion steps and loss mechanisms in
an organic solar cell

In addition, some groups report that the use of vertical nanostructures may

not be optimal for light-harvesting because some photons can fall on the gap of
adjacent nanorods and the light loss could be significant. In vertically-aligned
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ZnO branched nanorods the improvement could be double: higher surface area
and increased interaction with light, maintaining good electron transport [66].
The survey of the specific conversion steps and loss mechanisms in an organic
solar cell are illustrated in figure 1.10.

1.6.1 Advantages of DSSC

e DSSC have a good depth in their nanostructure and hence absorb the
photons well in the sunlight. Furthermore the dyes used in the cells are
efficient in converting the absorbed photons into electrons.

e Though the efficiency of DSSCs is less than many of the best thin-film
cells, the price-to-performance ratio obtained through these solar cells is
superior to others.

e Due to the reduced manufacturing costs, DSSCs are less expensive when
compared to other semiconductor cells. They do not require any appa-
ratus and can be printed on any flexible surface.

e DSSCs also work in cloudy weather and low-light conditions without
much impact on efficiency, while the other traditional cells would fail at
illumination below a certain range. DSSCs have a very low cut off. This
makes them suitable for running small devices indoors.

e They contain primarily nontoxic, earth-abundant materials, with the
exception of very small amounts of Pt and Ru.

e DSSCs are mechanically robust. They are made of lightweight materials
and require no special protection from rains or trees or any other harsh
objects. This makes them easy to use and maintain.

e As the temperature rises, some electrons in semiconductors are pushed to
conduction band mechanically. Hence the silicon cells require protection
by covering in a glass box. Such cells get heated easily and hence the
efficiency is greatly reduced due to internal temperature. This situation
is eliminated in the DSSCs. Because DSSCs are made of only a thin layer
of plastic, heat radiates away easily to reduce the internal temperature.
This lowering of temperature, in turn, helps in increasing the efficiency
of the solar cells.

1.6.2 Recent advances in DSSC and Future trends

Engineers are trying to design novel photoelectric cells that are more durable,
efficient and economical using mathematical modelling and nanotechnology
and they are evaluating solar panels to streamline the electron transfer pro-
cess inside the solar panel so that it efficiently converts radiation to electricity.
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Presently, DSSCs convert about 11-12% of the sunlight striking them, into
electricity. The researchers are trying to improve the efficiency and make it
comparable with silicon-based solar panels.[66]

The performance of modern DSSCs is becoming more and more compet-
itive. The researchers anticipate that adding carbon nanotubes (CNT) and
titanium nitride (TiN) as counter electrode will enhance the overall charge col-
lection efficiency of the solar cell considerably. The next portion of the research
is aimed at replacing the electrolyte solution and sensitizer and separating the
electrodes with a more efficient polymer material. The researchers believe that
this will also increase the efficiency of the solar cell. In an effort to increase
surface area and at the same time the interface between the semiconductor
oxide and the corresponding organic semiconductor (Dye or conducting poly-
mer), vertical nanostructures, such as branched nanorods or nanosheets, seem
to be promising candidates for high efficiency DSSC .The best ZnO DSSC per-
formance now reaches 7.2% efficiency, when applying vertical nanostructures
made of porous single crystal ZnO. Another possible design improvement is to
progress the devices with more junctions with innovative concepts. Finally, a
promising research trend, is the possibility of developing DSSCs as all-solid-
state devices with high efficiencies, avoiding the application of problematic
liquid electrolytes, and applying solution processing techniques for fabrication.

1.7 Aim and motivation of the research

ZnO and their complexes are studied widely owing to their potential ap-
plications in the field of photonics. Studies on the growth mechanism and
structural characterisation have already been carried out and reported, but the
morphological dependence on the NLO behaviour of ZnO has not been dealt
with in detail. The main aim of this thesis is to explore the possibility to syn-
thesise controlled morphologies of ZnO with suitable properties via simple wet
chemical method. In the present work we concentrate on the NLO behaviour of
ZnO crystals with different morphology and try to establish ZnO-natural dye
complexes as a photonic material. The use of betanin natural dye and their
complex with ZnO as a photonic material are reported for the first time. In par-
ticular, our efforts have been devoted to test the performances of betanin dye
sensitized solar cell (DSSC) especially ZnO complexes with CdS, ZnS, TiOa,
Au and TiN.
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1.8 New findings in a nut shell

e We have investigated morphological effect on the nonlinear properties of
7Zn0O at low dimensional structures.

e We have also studied the possibility of betanin natural dye for environ-
ment friendly and inexpensive photonic device applications having high
photochemical stability under laser excitations.

e The photochemical performance of nanosheet based DSSC exhibit better
efficiency under low-light conditions.

e The efficiency has been enhanced with the incorporation of gold (Au)
and titanium nitride (TiN) nanoparticles
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Chapter 2

Experimental Detalils :
Tools for Material
preparation and
Characterization

2.1 Abstract:

The purpose of this chapter is to provide an overview of the experimental
techniques that were employed to investigate the characterization in colloidal
Zn0O and films.The fundamental principles and details of experimental tech-
niques are briefly explained in this section.The films discussed in this work
were grown by tape casting method and by two step solution method. Various
analyzing tools were used to investigate the electrical, optical, structural prop-
erties of the films.The surface morphology was characterized as well. In order
to test the device performance, current-voltage measurement was used.

2.2 Synthesis of ZnO

ZnO in the form of low dimensional nanostructures are synthesized by a
wide range of techniques, such as wet chemical methods [1-3], physical vapor
deposition [4-16], metalorganic chemical vapor deposition (MOCVD) [17-23],
molecular beam epitaxy (MBE) [24-27], pulsed laser deposition [28,29], sputter-
ing [30-32],flux methods [33], electro-spinning [34-39], and top-down approaches
by etching [40]. Among those techniques, physical vapor deposition and flux
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methods usually require high temperature, and it is easy to incorporate cata-
lysts or impurities into the ZnO nanostructures. Therefore, they are less likely
to be able to integrate with flexible organic substrates for future foldable and
portable electronics. MOCVD and MBE can give high quality ZnO nanowire
arrays, but are usually limited by the poor sample uniformity, low product
yield and restrictions in choices of substrate. Moreover, cost for the experi-
ment were usually very high, and hence they are less widely adopted. Pulsed
laser deposition, sputtering and top down approaches have less controllabil-
ity and repeatability compared with other techniques. Electrospinning gives
polycrystalline films. Comparatively, wet chemical methods are attractive for
several reasons viz,

e They are low cost.
e Less hazardous .
e Capable of easy scaling up [41,42].

e Growth occurs at a relatively low temperature, compatible with flexible
organic substrates.

e There is no need for the use of metal catalysts.
e It can be integrated with well-developed silicon technologies [43].

e There are a variety of parameters that can tuned to effectively control
the morphologies and properties of the final products [44,45].

Wet chemical methods have been demonstrated as a very powerful and
versatile technique for growing low dimensional nanostructure of ZnO. Various
wet chemical techniques such as sol-gel, hydrothermal, solvothermal method,
polyol, microwave heating, spray pyrolysis etc have been used for the synthesis
of nanocrystalline powders.

The most accepted mechanism of one dimensional (1D) structures syn-
thesis suggests a two-step process, i.e. nucleation and then successive growth
of the particles. Nucleation is the initial formation of a crystal by the sponta-
neous clustering of the dissolved constituents and act as nucleation centers (also
known as seeds) and their successive growth there after. Under most practical
conditions seeds and their growth occur simultaneously and sometimes aggre-
gation of nanoparticles and impurities (if present), is the additional nucleation
center play a crucial role in the formation pathway. The experimental methods
for the synthesis of low dimensional structures are explained in the following
chapters.
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2.3 Film preparation

The ZnO/Polyvinyl alcohol (PVA) composite were prepared by tape cast-
ing method (Plasto Mek, delta.0.2kW, 230V, 1 phase). PVA is a water soluble
polymer. The colloid solutions of ZnO and PVA were mixed in different pro-
portions using a magnetic stirrer. The mixture was carefully tape casted on
the glass side. The films were then allowed to dry by keeping in an oven and so
the free standing films of thickness in the range of 80-110um were developed.

2.4 Characterization techniques

2.4.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful tool to characterize a
wide range of specimens at the nanometer to micrometer length scales. One of
the most amazing aspects of SEM is the apparent ease with which SEM images
of three-dimensional objects can be interpreted by any observer[46-48]. SEM
analysis is said to be a non-destructive analysis as the bombardment of electrons
do not cause any damage to the samples [46]. The surface imaging of ZnO
samples are studied using scanning electron microscope (JSM6390, JEOL/EOQ,
USA).

2.4.2 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is another analytical tool to
study crystal morphology, structure, crystal orientation, chemical composition,
precipitates and dislocations, etc. TEMs strong cards are its high lateral spatial
resolution and its capability to provide both image and diffraction information
from a single sample[49,50].

2.4.3 X-Ray diffraction

X-ray diffraction is a powerful tool for determining the crystal properties
of a sample including structure, quality and chemical composition of bulk ma-
terials, thin films and powders. As the physical properties of solid depend on
atomic arrangements of materials, determination of the crystal structure is an
essential part of the structural and chemical characterization of materials. X-
ray patterns are used to establish the atomic arrangements of the materials
as the lattice parameter, d (spacing between different planes) is of the order
of x-ray wavelength. Further, X-ray diffraction method can be used to distin-
guish crystalline materials from amorphous materials. From X-ray diffraction
pattern we can obtain the following information:-
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e To judge formation of a particular material system.

e Unit cell structure, lattice parameters, and miller indices.

e Types of phases present in the material.

e Estimation of crystalline/amorphous content in the sample.

e Evaluation of the average crystalline size from the width of the peak in
a particular phase pattern. Large crystal size gives rise to sharp peaks,
while the peak width increases with decreasing crystal size.

e An analysis of structural distortion arising as a result of variation in
d-spacing caused by the strain, thermal distortion.

The peaks in the XRD spectra directly relate to the spacing of the atomic
planes through Braggs law,

2dsin(©) = nA (2.1)

where d is the perpendicular spacing between the h, k, 1 lattice planes
in a crystal (d-spacing), is the reflected angle of the X-ray , n is an integer
equivalent to the order of the diffraction peak, and A is the wavelength of the
incident X-ray. For a hexagonal crystal structure, the relationship between dpy;
and the lattice parameters a and ¢ plane is given by,

1 4 RP+hk+k> 12

a2 3( a? )+ 2

where a and c are the lengths of the slides of the primitive cell and h, k,

1 are the Miller indices. The grain size can be estimated from the Scherrer
equation

(2.2)

D = kX\/Bcos(0) (2.3)

Where D mean dimension of the crystallite size,\ is wave length of X-rayk is a
constant (=0.9) S is Full width half maximum (FWHM) in radian, 6 is Bragg
angle[51-53].

2.4.4 UV-VIS spectroscopy

The optical methods for characterizing samples in this thesis include optical
absorption spectroscopy and photoluminescence. UV-VIS spectroscopy which
utilizes the ultraviolet (UV) and visible (VIS) range of electromagnetic radia-
tion. It is frequently referred to as electronic spectroscopy which implies that
these relatively high energy photons disturb the electron distribution within
the molecule.
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The promotion of electron from the low energy state E;( usually ground
state) to higher energy Es is possible if the molecule absorbs the electromag-
netic radiation of the corresponding wavelength )\:ﬁ(c is the speed of
light and h is the Planck constant).The electron at the higher energy is then
said to be excited. Excited states have very small life times (femtoseconds to
microseconds), because the higher energy state is unstable and the extra energy
is lost through the relaxation processes such as emission of light or the relax-
ation to some other states. The typical energy difference between the ground
and the first excited sates of many molecules corresponds to electromagnetic
waves of the ultra-violet (UV) and visible regions of the electromagnetic spec-
trum.

When light travels through the sample of thickness Ax, its intensity dimin-
ishes by an amount proportional to the initial intensity Iy and the thickness of
the slice

Il = IO — CVI()A.’E (24)
This can be rewritten as
I — Iy
= —al 2.5
~ aly (2.5)
Or
dl
— = —ald 2.6
o aly (2.6)

which is the differential equation with solution of

I(z) = Iyexp[—ax]  (Lambert — Beerlaw) (2.7)

The UV-VIS spectrometer usually measures the absorbance

AN = —logi (2.8)
Iy

An absorption spectrum show the wavelength at which the sample can ab-
sorb light and provides information about the electronic states of the molecule,
hence absorption spectroscopy carried out in UV-visible spectral region is some-
times called electronic spectroscopy. It is employed as an analytical chemistry
tool to determine the presence of a particular substance in a sample and, in
many cases, to quantify the amount of the substance present. The schematic
representation of transition probabilities of a molecule is shown in figure 2.1[54].

The main transitions between the electronic states are:
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Figure 2.1: The transition probabilities of a molecule

e 1, 0 — o*transitions : Saturated compounds with substituents having
lone-pairs such as water, ammonia, hydrogen disulphide may only display
o- o* and n-o* transitions.

e 7w — m*transitions : For molecules that possess bonds like alkenes,
alkynes, aromatics, acryl compounds or nitriles, light can promote elec-
trons from a 7 — 7*( a bonding molecular orbital to a anti-bonding
molecular orbital) which is usually strong (high extinction coefficient).

e n— m¥transitions : Even lone pairs that exist on oxygen and nitrogen
atoms may be stimulated from their nonbonding molecular orbital (n) to
a anti-bonding molecular orbital within a molecule. This is called an n—
m*transition and requires less energy compared to a m — w*transition
within the same chromophore. However, this transition has less proba-
bility.

2.4.5 Photoluminescence

Photoluminescence (PL) is an important tool for the characterization of
surfaces and is the spontaneous emission of light from a material under optical
excitation. PL is simple, versatile, and nondestructive. When light of sufficient
energy is incident on a sample material, photons are absorbed and electronic
excitations are created. Finally, these excitations relax and the electrons return
to the ground state. If it is a radiative relaxation, the emitted light is called
PL .This light can be collected and examined to yield a wealth of information
about the photo excited material. The PL spectrum provides the transition
energies, which can be used to determine electronic energy levels and the PL
intensity gives a measure of the relative rates of radiative and non-radiative
recombination. The PL spectrum depends on the nature of the optical excita-
tion. The PL signal often depends on the density of photo excited electrons.
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Figure 2.2: Typical experimental set-up for PL measurements

A typical PL set-up is shown in figure 2.2.

2.4.6 Nonlinear spectroscopy

In nonlinear spectroscopy multiple light-matter interactions can be used to
correlate different spectral features and dissect complex spectra. The linear
spectroscopy such as absorption or emission spectroscopy involve a weak light-
matter interaction with one primary incident radiation field, and are typically
presented through a single frequency axis and can be treated as a linear response
between the incident light and the matter. The ambiguities that arise when
interpreting linear spectroscopy are

e One cannot resolve couplings or spectral correlations directly.

e Linear spectra cannot uniquely interpret line broadening mechanism, or
decompose heterogeneous behavior in the sample.

e It has little ability to interpret dynamics and relaxation. Nonlinear spec-
troscopy provides a way of resolving these scenarios as it uses multiple
indepenent incident light fields or time-ordering in order to probe corre-
lations between different spectral features.

2.4.7 7 scan technique

Nonlinear absorption can be experimentally measured by several tech-
niques, such as two-photon excited fluorescence, nonlinear transmission and
Z-scan experiment. In this section, we discuss the optical method to determine
the nonlinear refraction and nonlinear absorption by Z-scan technique.
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The nonlinear medium is scanned along the z-axis in the back focal region
of an external lens. The whole transmittance (open aperture, OA) and the far-
field on-axis transmittance (closed aperture, CA) are monitored as a function
of the scan distance z. The open aperture Z-scan transmittance is insensitive to
the nonlinear refraction and solely determines the nonlinear absorption, whilst
the closed aperture Z-scan transmittance is coupled with both of the nonlinear
effects i.e. nonlinear absorption and refraction. Actually, both the nonlinear ef-
fects are often present simultaneously in nonlinear optical materials. Nonlinear
absorption is inevitably present for resonant absorption wavelength ranges as
well as for transparent regions owing to multi-photon absorption when the laser
beam intensity is sufficiently high. For simplicity, we only concentrate on TPA.

The interaction of intense laser pulse with the matter can induce various
nonlinear effects and phenomena. The Z-scan technique devised by Sheik-
Bahae et al [55] has been an extensively employed yet effective and popular
technique for characterizing the optical nonlinearity of materials and outstands
due to its efficacy and simplicity in determining the nonlinear optical param-
eters. This technique is used to measure the non-linear index ns i.e. the
strength of Kerr nonlinearity and the non-linear absorption coefficient via the
“closed” and “open” aperture methods respectively. The materials with differ-
ent absorption processes such as saturable absorption (SA), reverse saturable
absorption (RSA), two photon absorption (TPA) and multi photon absorp-
tion(MPA) are the promising candidates in the different applications of science
and technology. For example, SA materials (the transmittance increases with
the increase of optical intensity) have been used in the lasers as Q-switching
elements. TPA, MPA and RSA materials (their transmittances decreases with
the increase of optical intensity) have been used in two-photon microscopy and
optical limiters. Therefore, it is necessary to identify their nonlinear absorp-
tion effects, and to determine their nonlinear absorption parameters, such as
the saturable intensity (I,) for saturable absorber, the TPA coefficient (8) for
two-photon absorbing material. The schematic representation of Z-scan set up
is shown in figure 2.3 .

In the OA Z-scan, the normalized transmittance in the far field is measured
while the sample is scanned through the focal plane of a focused Gaussian beam
[55]. The typical OA Z-scan curves is shown in figure 2.4. The nonlinear ab-
sorption and refraction were measured from the normalized energy transmission
using Z-scan without an aperture and with an aperture respectively. If trans-
mitted light is measured through an aperture placed in the far field with respect
to focal region, the technique is called CA Z-scan.

Here, we present the results of the propagation of a Gaussian beam that is
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Figure 2.3: Schematic representation of experimental set up of Z-scan tech-
nique
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Figure 2.4: Typical OA Z-scan curves

initially focused by an external lens and is then incident on a slice of a cubically
nonlinear Kerr medium. The propagating Gaussian beam induces its own lens,
which is positive for a material having a positive ny. Note that if the position
of the induced lens is at the back focal plane of the external lens, the former
does not affect the propagation of the beam behind the material and the sit-
uation is thus the same as the propagation of the externally focused Gaussian
beam in a linear diffraction limited environment. However, if the lens-sample
separation is less than the focal length of the external lens, the beam in the
far field is wider than the linear diffraction-limited case. On the other hand,
if the lens-sample separation is larger than the focal length, the beam width is
smaller. This is the basis of the Z-scan measurement [56,57]. For a material
with a positive ny, the scanning of the sample through the back focal plane of
the external lens starting from a position to the left of the focus yields far-field
profiles that are initially larger and eventually smaller than the width in the
linear diffraction-limited case. The opposite is true for materials with a nega-
tive ny [58].The curves for closed Z-scan in the case of ny>0 and ny<0 shows
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opposite effects as depicted in figure 2.5.

=
I

Normalized transmittance (a.u)

o
Position (z)

Figure 2.5: Z-scan theoretical curves of the transmittance as a function z

Consider the fundamental Gaussian electric field (TEMggmode) of waist
radius wq travelling in the z direction as

w r? kr? kr?
E(r,z) = EOI(Z))&T])[*(E + Zﬁ)]exp[fzw(z)] = E(0, z)ezp[fiTq] (2.9)
where Ey is the amplitude of the electric field at the focus z=0, w(z) = wy
(1+ (z/20)%)'/? is the beam radius at z, wo is the waist radius at the focus.
R(z)=z (14 (z/70)?) is the radius of curvature of the wave at z, zo=kw3 /2 is
the Rayleigh diffraction length of the beam k=27/X is the wave number and
is the wavelength of the laser beam [59].

Here, q denotes the complex beam parameter that covers all the infor-
mation needed to specify its characteristics in the beam propagation and is
defined by 1/q=1/R - i\/7mw?. For a Kerr medium with TPA process the non-
linear refractive index and the nonlinear absorption coefficient can be written
as [55,60].

n=mng+ TLQI (210)

o=oo+pI (2.11)

where ng and n, are linear and nonlinear refractive indices respectively.
I(r,2) = egCngo|E(r, 2)|*/2 (2.12)

denotes the incident Gaussian laser beam intensity , «q is the linear absorption
coefficient and S is the two photon absorption coefficient. Solving the wave
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equation that describes the propagation of a Gaussian laser beam through
the medium and neglecting the transverse effect, the intensity variation for two
photon absorption and the nonlinear phase shift of the beam at the exit surface
of the sample are given by, [55]

I(r, z)exp[—apL]

Lelr2) = =17 q(r, 2)

(2.13)

AD(r,z) = %ln[l +q(r, 2)] (2.14)

where I(r,z)=Ipexpl[- 2:; ] Z—‘E is the incident beam intensity Iy is the on-axis

intensity at the focus. q(r,z)=pI(r,z) Leys is the nonlinear absorbance of the

medium, L.y s=(1-exp[-ap L])/cy is the effective length of the sample and L is

the thickness of the sample.By combining equations (2.13) and (2.14) we obtain
the complex electric field at the exit surface of the sample:

I(r, z)exp[—aoL], 1

Be(rz) = [T oy 1 epliad] (2.15)

= E(r, z)exp[iAg(l + i )]exp[—anL/2] (2.16)

2](3%2

According to the aberration-free approximation of a Gaussian beam, which
requires the Gaussian beam profile be approximated as being parabolic, by
expanding the exponential in the intensity and retaining only the quadratic
term, the nonlinear phase shift, Eq. (2.14) can be approximated as:

AdD(r2)m ———— — (2.17)

where qo=q(0,2)=qoo/ (14 (2/20)?) and qoo=0 Iy Less It is noted that eq(2.17)
is always valid whether |q|>1 or not. By substituting eq.(2.17) into eq.(2.16)
and employing the complex beam parameter formulation [60] we have finally
obtain the closed aperture Z-scan transmittance of the far-field at the aper-
ture plane, including both of the effects of nonlinear absorption and nonlinear
refraction as follows:

1

(2.18)

Tclose(z) = 1 4(=/ 70— Ado 0 1(141n2)Ag?
(14+(2/20)2)2(1+q0) ' (1+(2/20)?)*(1+qo)?

Apo=kny Iy Leys is the on-axis nonlinear phase at focus and n=qoo/(2A¢0)
=//(2kns) is the ratio of the imaginary part to the real part of the complex
nonlinearity
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When the aperture is removed, however, the Z-scan is irrelevant to beam
distortion caused by nonlinear refraction and is only a function of the nonlinear
absorption, as mentioned above. Hence, the nonlinear absorption coefficient
can readily be determined from the open aperture Z-scan transmittance. By
spatially integrating eq.(2.13) at z over all r(0<r< oo) without having to include
the free space propagation process, we have the CW open aperture Z-scan
transmittance as:

In[1 + go(2)]
Topen(z2) = —————= 2.19
P ( ) qo(z) ( )
If go<1 equation can be simplified as
 [~a0(2,0)]"
T(z,S=1)= E — (2.20)
m=0 ( + 1)(%)

where m is an integer. The imaginary part of third order susceptibility (Im x?3)
determines the strength of the nonlinear absorption.
nic?p

Im(x®) = 240772w(€su) (2.21)

For a cubic nonlinearity, the peak and valley of the Z-scan transmittance can
be calculated by solving the equation

dT(Za A¢0)

=0 (2.22)

Solution to this equation (2.21) yields the peak valley separation as
Azp_y = 1.7z (2.23)
Then the peak valley transmittance change is
AT,_, = 0.406Ady (2.24)

The ny is related to Re( x*) by the relation

nong
3T

Re(x?) = (e.s.u) (2.25)

From the real and imaginary part of x* , the modulus of third order nonlinear
susceptibility can be found out.

| = VIRe(P)? + [Im(®)]2 (2.26)
The magnitude of x? is significantly affected by the molecular orientation and
it determines the strength of nonlinearity of the material.
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The Z-scan method has become a standard tool for measurement of the
nonlinear absorption and nonlinear refractive index coefficients of various NLO
materials because of its simplicity, its high sensitivity, and its indication of the
sign and type of nonlinearity immediately after the measurement is finished
[61]. Moreover,the same part of the sample is investigated during the entire
experiment ,thus the samples imperfection induced linear and nonlinear distor-
tions in the Z-scan curve are decreased significantly. However, there are some
disadvantages associated with this method. For example, the Z-scan curve will
be distorted by the misalignment, sample imperfections, and intensity fluctua-
tion during the measurement[62] and the thickness non uniformity of the sample
leads to error in the calculation of the nonlinear refractive index coefficient from
the difference between the peak and valley transmittances. The curved surface
of the nonlinear sample also distorts the Z-scan curve significantly.

2.5 DSSC fabrication

2.5.1 Materials and reagents for the device fabrication

Indium tin oxide (ITO, InyO3- SnOs) thin films are used as transparent
conducting oxides (TCOs) in flat panel displays, optoelectronic devices, and
solar cells due to its low resistivity and high transmittance [63]. Highly indium-
doped TCO films deposited on glass plates were purchased from sigma Aldrich
(ITO 8-12 Q /sq) and were first cleaned in a detergent solution using an ul-
trasonic bath for 10 min, rinsed with water and ethanol, and then dried. The
photo anodes were prepared by depositing the synthesized structures on the
ITO conducting glass: two edges of the ITO glass plate were covered with a
layer of adhesive tape to control the thickness of the film and to mask electric
contact strips. Film thickness was measured using a digimatic micrometer and
was found to be 33 pym. The nanostructure paste was then spread uniformly
on the substrate by sliding a glass rod along the tape spacer. The as-prepared
samples were then subjected to an annealing process at 300°C for 30 min to
obtain good porosity.

The photo-electrodes were impregnated with fresh juice from red beets
without further purification. Dye adsorption was carried out for 24 h at room
temperature, after which the photo electrodes were removed from the dye so-
lution and rinsed several times with water in order to remove weakly adsorbed
dye molecules and finally dried in a hot plate. The platinized ITO glass was
used as the counter electrode. For this, ITO conducting glass was dipped into
a 10 mM chloroplatinic acid hexahydrate solution in ethanol and then annealed
at 450°C for 15 min. The counter electrode was then placed on top of the photo
electrode, and filled with electrolyte by using capillary force through the sides.
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Binder clips were used to hold the electrodes together. The photograph of one
of the fabricated dye sensitized film and DSSC is shown in figure 2.6.

Figure 2.6: Photograph of one of the fabricated dye sensitized thin film and
DSSC.

2.5.2 Basic parameters to evaluate the performance of
DSSC

The performance of DSSCs is usually evaluated by the following four pa-
rameters

e Open circuit photovoltage (V,.) is the cell voltage measured when the
current within the cell is zero

e Short circuit photocurrent (Is.) the cell photocurrent measured at zero
voltage. In general, it is presented in the form of the short circuit current
density (Js¢)

e Fill factor (FF) The degree of the squared shape of the J-V curve is given
by the fill factor (FF), which measures the ideal nature of the device and
is defined as the ratio of the maximum power output per unit area to
the product of V,. and Jg.

Jmaz owervmam ower
FF = P (2.27)

e Energy conversion efficiency (1)

The solar to electric power conversion efficiency 7 is given by the ratio of
the maximum extractable power to the incident solar power (P;,,) given

by equation

— Pmam — Jmazvmaz — JSCVOCFF
where P;, is the incident power, P,,; is the output power, FF is the
fill factor, n is the efficiency, Js. is the short circuit current density,

(2.28)
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and V,. is the open circuit voltage. As 7 is a function of I4.,V,. and
FF,enhancement of DSSC performance is achieved by optimization of
these parameters and is also depend on the incident irradiation power .

2.5.3 Charcterization techniques of DSSCs
The basic characterization techniques of DSSCs are described as follows

e Photocurrent-photovoltage (I-V) measurement ,A typical I-V curve is
shown in figure 2.7
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Figure 2.7: Characteristc I-V curve of a DSSC

e Incident photon to electron conversion efficiency (IPCE) measurement

The sensitivity of a DSSC varies with the wavelength of incident radia-
tion. TPCE measures the ratio of the number of electrons produced in
the external circuit to the number of photons incident on the cell and is
calculated using the formula [64]

Nelectrons (\) I(\)/e I(\) he 1240J,.

IPCE(%) = Nphotons(A) — Pin(A\)/hv — Pi(N)eX AP 100
(2.29)

Where I(A) is the photocurrent given by the cell under monochromatic
illumination at wavelength A\(nm) ,P;,, is the input optical power at wave-
length A, e is the elementary charge ,h is the plank constant ,v is the

frequency of light ,c is the speed of light in vacuum.

Detailed experimental and working principles of DSSC are described in chapter
7.

43 International School of Photonics



Experimental Details : Tools for Material preparation and Characterization

2.6
1]

2]

References

Laudise R. A and Ballman A. A, “Hydrothermal synthesis of zinc oxide
and zinc sulfide”. J. Phys. Chem.64, 688-691 (1960)

Verges M. A, Mifsud A and Serna C. J, “Formation of rod- like zinc-
oxide microcrystals in homogeneous solutions”. J. Chem. Soc., Faraday
Trans.,86, 959-963 (1990).

Vayssieres L, Keis K, Lindquist S. E and Hagfeldt A, “Purpose-built
anisotropic metal oxide material: 3D highly oriented microrod array of
ZnO”. J. Phys. Chem. B, 105, 3350-3352 (2001).

Pan Z. W, Dai Z. R and Wang Z. L, “Nanobelts of semiconducting oxides
7. Science, 291, 1947-1949 (2001).

Huang M. HWu Y. Y, Feick H, Tran N, Weber E and Yang P. D, “Cat-
alytic growth of zinc oxide nanowires by vapor transport 7. Adv. Mater.,
13, 113-116 (2001).

Yao B. D, Chan Y. F and Wang N, “Formation of ZnO nanostructures
by a simple way of thermal evaporation” Appl. Phys. Lett., 81, 757-759
(2002).

Seung Chul Lyu , Ye Zhang and Cheol Jin Lee “Low-Temperature Growth
of ZnO Nanowire Array by a Simple Physical Vapor-Deposition Method”
Chem. Mater., 15, 17, 3294-3299 (2003)

Y. C. Kong, D. P. Yu, B. Zhang, W. Fang and S. Q. Feng “Ultraviolet-
emitting ZnO nanowires synthesized by a physical vapor deposition ap-
proach” Appl. Phys. Lett., 78, 407-409 (2001)

Huang M. H, Mao, S, Feick H, Yan H. Q, Wu Y. Y, Kind H, We-
ber E, Russo R and Yang P, “Room-temperature ultraviolet nanowire
nanolasers” Science, 292, 1897-1899 (2001).

Huang M. H, Wu Y. Y, Feick H, Tran N, Weber E and Yang P. D,
“Catalytic Growth of Zinc Oxide Nanowires by Vapor Transport ” Adv.
Mater.,13, 113-116 (2001).

Liu R, Vertegel A. A, Bohannan E. W, Sorenson T. A and Switzer J.
A, “Epitaxial electrodeposition of zinc oxide nanopillars on single-crystal
gold” Chem. Mater., 13, 508,(2001).

Kong Y. C, Yu D. P, Zhang B, Fang W and Feng S. Q, “Ultraviolet-
emitting ZnO nanowires synthesized by a physical vapor deposition ap-
proach ” Appl.Phys. Lett., 78, 4, 407-409(2001)

44 International School of Photonics



Experimental Details : Tools for Material preparation and Characterization

[13]

[14]

[15]

[16]

[22]

23]

J. Q. Hu, Quan Li, N. B. Wong, C. S. Lee and S. T. Lee, “Synthesis
of Uniform Hexagonal Prismatic ZnO Whiskers”, Chem. Mater. 14,
1216-1219 (2002).

Wu J. J and Liu S. C “Low-temperature growth of well-aligned ZnO
nanorods by chemical vapor deposition” Adv. Mater., 14, 3, 215 (2002).

Park W. I, Kim D. H, Jung S.W and Yi G.C, “Metalorganic vapor-phase
epitaxial growth of vertically well-aligned ZnO nanorods” Appl. Phys.
Lett., 80, 4232-4234 (2002).

Lisheng Wang and Xiaozhong Zhanga, Songqing Zhao, Guoyuan Zhou,
Yueliang Zhou and Junjie Qi “Synthesis of well-aligned ZnO nanowires
by simple physical vapor deposition on c-oriented ZnO thin films without
catalysts or additives” Appl. Phys. Lett. 86, 024108 (2005)

Park W. I, Yi G. C, Kim M. Y and Pennycook S. J, “ZnO Nanoneedles
grown vertically on Si substrates by non-catalytic vapor-phase epitaxy”.
Adv. Mater., 14, 1841-1843 (2002).

Park W. I, Kim D. H, Jung S. W and Yi G. C, “Metal organic vapor-
phase epitaxial growth of vertically well-aligned ZnO nanorods”. Appl.
Phys. Lett., 80, 4232-4234 (2002).

Yuan H and Zhang Y, “Preparation of well-aligned ZnO whiskers on
glass substrate by atmospheric MOCVD”. J. Cryst. Growth, 263, 119-
124 (2004).

W.I. Park,G.C. Yi,M. Kim and S.J. Pennycook “ZnO Nanoneedles Grown
Vertically on Si Substrates by Non-Catalytic Vapor-Phase Epitaxy” Adv.
Mater.,14, 24,1841-1843 (2002)

Naoki Nishimoto , Obuliraj Senthilkumar, Takahiro Yamamae, Kasilingam
Senthilkumar and Yasuhisa Fujita Growth of ZnO Thin Films by Using
MOCVD with a High-Speed Rotating Disk Reactor J. Korean Phy. Soc.,
53, 5,2951-2954 (2008)

S. Nicolay, S. Fay and C. Ballif “Growth Model of MOCVD Polycrys-
talline ZnO” Cryst. Growth Des., 9, 4957-4962 (2009)

Sriram Muthukumar, Haifeng Sheng, Jian and Zhong Nuri William Emane-
toglu “Selective MOCVD Growth of ZnO Nanotips” IEEE Transactions
on Nanotechnology, 2,1,50-54 (2003)

Heo Y. W, Varadarajan V, Kaufman M, Kim K, Norton D.P, Ren F and
Fleming P. H, “Site-specific growth of ZnO nanorods using catalysis-
driven molecular-beam epitaxy”. Appl. Phys. Lett., 81, 3046-3048
(2002).

45 International School of Photonics



Experimental Details : Tools for Material preparation and Characterization

[25]

[26]

[27]

[31]

[32]

[33]

[34]

L.C. Tien, D.P. Norton , S.J. Pearton,, Hung-Ta Wang and F. Ren “Nu-
cleation control for ZnO nanorods grown by catalyst-driven molecular
beam epitaxy” Appl. Surf. Sci., 253 ,4620-4625 (2007)

Y. W. Heo, D. P. Norton and S. J. Pearton “Origin of green luminescence
in ZnO thin film grown by molecular-beam epitaxy” J. Appl. Phys. 98,
073502 (2005)

Yefan Chen, D. M. Bagnall, Hang-jun Koh, Ki-tae Park, Kenji Hiraga,
Zigiang Zhu and Takafumi Yao “Plasma assisted molecular beam epi-
taxy of ZnO on c-plane sapphire: Growth and characterization” J. Appl.
Phys. 84, 3912 (1998)

Sun Y, Fuge G. M and Ashfold M. N. R, “Growth of aligned ZnO nanorod
arrays by catalyst-free pulsed laser deposition methods”’ Chem. Phys.
Lett., 396, 21-26 (2004).

Hong J. I, Bae J, Wang Z. L and Snyder R. L, “Room temperature,
texture-controlled growth of ZnO thin films and their application for
growing aligned ZnO nanowire arrays” Nanotechnology, 20, 085609,(2009).

Chiou W. T, Wu W. Y and Ting J. M, “Growth of single crystal ZnO
nanowires using sputter deposition”. Diam. Relat. Mater., 12, 1841-
1844,(2003).

N. Koshizaki and T. Oyama, “Sensing characteristics of ZnO-based NOx
sensor” Sens. Actuators, B 66, 119-121(2000)

Liao L, Li J. C, Wang D. F, Liu C, Liu C. S, Fu Q and Fa L. X “Field
emission property improvement of ZnO nanowires coated with amor-
phous carbon and carbon nitride films” Nanotechnology. 16, 985 (2005)

Xu C. K, Xu G. D, Liu Y. K and Wang G. H,“A simple and novel route
for the preparation of ZnO nanorods” Solid. State. Commun., 122,
175-179(2002)

Lin D. D, Pan W and Wu H, “Morphological control of centimeter long
aluminum-doped zinc oxide nanofibers prepared by Electrospinning”. J.
Am. Ceram. Soc., 90, 71-76 (2007).

Lin D, Wu H and Pan W, “Photo switches and memories assembled
by electrospinning aluminum-doped zinc oxide single nanowires”. Adv.
Mater., 19, 3968-3972 (2007).

Sui X. M, Shao C. L and Liu Y. C, “White-light emission of polyvinyl al-
cohol/ZnO hybrid nanofibers prepared by Electrospinning”. Appl. Phys.
Lett., 87, 113115 (2005).

46 International School of Photonics



Experimental Details : Tools for Material preparation and Characterization

[37]

[38]

[39]

[47]

[48]
[49]
[50]

Dandan Lin, Hui Wu, Rui Zhang and Wei Pan, “ Enhanced Photocataly-
sis of Electrospun Ag-ZnO Heterostructured Nanofibers” Chem. Mater.,
21, 3479-3484 (2009)

Lin D. D, Wu H and Pan W, “Photoswitches and Memories Assembled by
Electrospinning Aluminum-Doped Zinc Oxide Single Nanowires 7 Adv.
Mater., 19, 22, 3968-3972 (2007)

Haiqing Liu, Jinxia Yang, Jianhe Liang, Yingxing Huang, and Chunyi
Tang “ZnO Nanofiber and Nanoparticle Synthesized Through Electro-

spinning and Their Photocatalytic Activity Under Visible Light” J. Am.
Ceram. Soc., 91, 4, 1287-1291 (2008)

Wu J. J, Wen H. I, Tseng C. H and Liu S. C, “Well-aligned ZnO nanorods
via hydrogen treatment of ZnO films”. Adv. Funct. Mater., 14, 806-810
(2004).

Zhang H, Yang D. R, Ma X. Y, Du N, Wu J. B and Que D. L, “Straight
and thin ZnO nanorods: Hectogram-scale synthesis at low temperature
and cathodoluminescence”. J. Phys. Chem. B, 110, 827-830(2006)

Chang P. C and Lu J. G, “ZnO nanowire field-effect transistors”. IEEE
T. Electron Dev., 55, 2977-2987 (2008)

Xu S, Wei Y, Kirkham M, Liu J, Mai W, Davidovic D, Snyder R. L and
Wang Z. L, “Patterned growth of vertically aligned ZnO nanowire arrays
on inorganic substrates at low temperature without catalyst”. J. Am.
Chem. Soc., 130, 14958-14959(2008)

Govender K, Boyle D. S, Kenway P. B and O’Brien P, “ Understanding
the factors that govern the deposition and morphology of thin films of
ZnO from aqueous solution”. J.Mater. Chem., 14, 2575-2591 (2004)

Xu S, Adiga N, Ba S, Dasgupta T, Wu C. F. J and Wang Z. L, “Opti-
mizing and improving the growth quality of ZnO nanowire arrays guided
by statistical design of experiments”. ACS Nano , 3, 1803-1812 (2009).

http://serc.carleton.edu/researcheducation/geochemsheets/SEM.
html

http://serc.carleton.edu/researcheducation/geochemsheets/SXD.
html

http://rsic.puchd.ac.in/em.html
http://en.wikipedia.org/wiki/transmissionelectronmicroscope

http://en.wikipedia.org/wiki/highresolutionTEM

47 International School of Photonics



Experimental Details : Tools for Material preparation and Characterization

[51]

[64]

B. D. Cullity and S. R. Stock, Elements of X-ray diffraction, Prentice
Hall, New Jersey, 3 edition (2001).

C. Kittel, Introduction to Solid State Physics, Wiely Eastern Limtd
(1996).

Siemens, Munchen, Germany, XRD analysis Manual.
http\WWW.UVSspectroscopy HS 13.com

Sheik-Bahae M, Said A. A, Wei T. H, Hagan D. J and Stryland E. V.
“Sensitive measurement of optical nonlinearities using a single beam”.
IEEE J. Quantum Electron, 26, 4,760-769 (1990)

M Sheik-bahae, A A Said, and E W. Van Stryland, “High-sensitivity,
single-beam ny measurements 7, Opt. Lett., 14955-957(1989).

Banerjee P.P and Misra R.M “Propagation of profiled optical beams
through kerr media ” Microw.Opt.Technol.Lett.4,11,471 -475 (1991)

Partha I Banerjee, “Nonlinear Optics Theory, Numerical Modeling, and
Applications” , 270 Madison Avenue, New York 10016 (2004)

Georgiy V.T kachenko, “New developments in liquid crystals” , 234, I-
Tech, Vienna, Austria, (2009)

Kwak C. H, Lee Y. L and Kim S. G“Analysis of asymmetric Z-scan
measurement for large optical nonlinearities in an amorphous AssS3 thin
film” . J. Opt. Soc. Am. B, 16,4, 600-604 (1999)

H.Nasibov and I.Mamedbeili “Low power continuous wave laser induced
optical nonlinearities in Saffron (Crocus sativus L.)” Laser Phys. 20,
12,2029-2035 (2010)

Qiguang Yang, JaeTae Seo, Santiel Creekmore, Doyle Temple, Andy
Mott, Namkung Min, KiPung Yoo, Sun Young Kim and Sungsoo Jung
“Distortions in Z-scan spectroscopy” Appl. Phys. Lett. 82, 19 (2003)

SeonMiKon, Yubin Xiao, Kyung Ha Kim, Wan In Lee and Chee Won
Chung “Performance improvement of dye-sensitized solar cells by surface
patterning of fluorine-doped tin oxide transparent electrodes” Thin Solid
Films 519,3173-3176 (2011)

Zhang D, Lanier S M, Downing J A, Avent J L, Lum J and McHale
J L. “Betalain pigments for dye-sensitized solar cells” J. Photochem.
Photobiol. A: Chem ,195,72-80 (2008)

48 International School of Photonics



Chapter 3

Synthesis and
characterization of ZnO at
nano/micro scales

3.1 Abstract:

Intense studies on ZnO low dimensional structures have been carried out
extensively over the last decade not only for their remarkable chemical and
physical properties, but also for their current and future diverse technologi-
cal applications. This chapter gives a comprehensive overview of the progress
that has been made in the context of ZnO low dimensional structures via wet
chemical method. We will discuss several types of experiments under different
conditions such as time, precursor concentration and temperature to rationally
get control over the morphologies of the nanostructures. Morphological control
techniques in this system will contribute to the development of the future oxide
devices. Their linear optical properties are also studied.

Results of this chapter are published in

o Aparna Thankappan, Misha Hari, S. Mathew, Santhi Ani Joseph, Erni Rolf, Debajeet Bora,
Artur Braun, V.P.N. Nampoori ,“Synthesis of monocrystalline zinc oxide microrods by wet
chemical method for light confinement applications” Physica E 44 , 2118-2123 (2012)

e Aparna Thankappan, Sheenu Thomas, and V. P. N. Nampoori, “Tuning the face orientation of

ZnO nano/microcrystals by a wet chemical method” Chinese Optics Letters 11,
10,1671-7694,(2013)
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3.2 Introduction

Control over the morphology and structure of nanomaterials is essential for
the development of future devices [1]. During the past few years, much effort
has been invested in controlling morphology of the nanocrystals to fine tune
its properties for potential applications, as the size, orientation and morphol-
ogy, aspect ratio and even crystalline density can significantly influence various
properties. Crystallization and morphological control of oxide particles, tubes,
fibers etc. have been developed based on scientific knowledge of the solution
chemistry of inorganic materials [2]. The development of morphology controlled
synthesis of nanostructures remains a significant challenge [3] to answer the de-
mand for exploring the potentials of ZnO.

As indicated earlier, among many promising optoelectronic semiconduc-
tors, ZnO is a key functional material exhibiting ultraviolet photoluminescence
emission, transparent conductivity along with semiconducting, magnetic and
piezoelectric properties. It has been attracting attention in both fundamental
research and practical studies. Another notable feature is that ZnO is biocom-
patible and exhibits excellent chemical, mechanical and thermal stability [4].
As we know, ZnO is a polar crystal with hexagonal phase and high anisotropy
which leads to the oriented growth along c-axis [5]. Crystal growth morphology
results from the interplay of crystallographic anisotropy and growth kinetics [6].
Anisotropy is the basic property of the crystal. Anisotropic tendency during
crystal growth in association with the relationship between crystal planes of
solid materials and their physicochemical properties has been studied by several
researchers[7]. Given the poor morphology-controlled synthesis of nanoscale
metal oxides, systematic studies on the connection between crystal planes and
properties are limited. Morphology-controlled syntheses can clearly demon-
strate the strong excitation wavelength dependence of the fluorescence emission
of ZnO crystals. The excitation wavelength-dependent features of fluorescence
emission allows for tunable laser sources.

The development in ZnO area is recently moving towards nanostructures.
The most promising of them are one dimensional (1D) nanostructures such
as nanowires, nanotubes and nano ribbons etc. There are many techniques
to synthesize these structures such as pulse laser deposition, chemical vapour
deposition and electrochemical deposition. All of them require highly sophis-
ticated and expensive instruments, high temperature and also require complex
process. Keeping in view the various aspects of ZnO synthesis, we have reached
the conclusion that the simplest, cheapest and most effective way to synthe-
size ZnO is by wet chemical method. Various wet chemical techniques such as
sol-gel, hydrothermal, solvothermal method, polyol, microwave heating, spray
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pyrolysis etc have been used for the synthesis of nanocrystalline powders. So
far, numerous nanostructured ZnOs with different morphologies have been fab-
ricated, such as nanowires, nanosheets, nanotubes, nanotower and nanoflowers.
In addition to simple ZnO crystals, controlled growth of hierarchical ZnO crys-
tal structures has received particular attention to support demands for more
complex structures to impart greater control over material and device proper-
ties [8].

In the present work, we report on the controlled synthesis of the ZnO
nano/micro crystals with different morphologies using a simple wet chemical
method. Dumb bell(DB) microrod, nanoflakes, nanoplates and microrod of
good crystalline nature were synthesized at growth durations (6-22 hrs) with
excellent reproducibility. The influence of precursor concentration, reaction
time and temperature on the size and morphology of ZnO were investigated.
It was revealed from scanning electron microscopy that the morphology of
ZnO can be effectively controlled as DB microrod, nanoflakes, nanoplates and
microrod. X-ray diffraction measurements showed that all the samples are
of a hexagonal phase structure. The room temperature photoluminescence of
the as-prepared ZnO significantly depends on the crystal size, orientation and
morphology, aspect ratio and crystalline density.

3.3 Experimental

All chemicals were purchased from Merck Ltd and used as received without
further purification. The nutrient solution was prepared from an aqueous solu-
tion of zinc nitrate hexahydrate [Zn(NO3)26H20] and hexamethylenetetramine
(HMTA) [(CHz)gNy]. The hexamine solution was added to the zinc nitrate so-
lution drop wise while stirring. The following reactions were involved in the
crystal growth of ZnO [9].

(CHy)6Ny + 6H,0 — 6CHOH + 4N Hj (3.1)
NH3+ H,O — NHf + OH™ (3.2)
Zn(NO3)a + HyO — Zn*T +2HNO3 (3.3)
20H™ + Zn*t — ZnO(S) + H,O (3.4)

The reaction decomposes HMTA to formaldehyde (HCHO) and ammonia
(NHs), acting as a pH buffer by slowly decomposing to provide a gradual and
controlled supply of ammonia, which can form ammonium hydroxide and sup-
port OH~ [10]. Finally OH™ anions react with Zn%*cations to form ZnO .The
precursor concentration, time and temperature dependant experiments were
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carried out to investigate the growth processes of ZnO.

The size and morphology of ZnO samples were characterized by scanning
electron microscopy (JEOL/EO, and JSM6390). The X-ray diffraction data
were collected on an AXS Bruker D% diffractometer using Cu Ka-radiation
(A=0.1541nm,the operating conditions were 35m A and 40 kV at a step of
0.020° and step time of 29.5 s in the 2 range from 30 to 70°. The measure-
ment of fluorescence emission were recorded using a Cary Eclipse fluorescence
spectrometer (Varian).

3.4 Results and discussions

In the following sections, the growth mechanism of ZnO crystals are eluci-
dated by detailed analysis of our experimental results, which provides a means
to achieve control over ZnO crystals and is essential for tailoring optical, elec-
trical and magnetic properties of crystals for certain applications.

3.4.1 Factors Affecting Morphology of ZnO
Effect of growth duration

The morphology of the ZnO crystals at nano/micro scales synthesized with
controlled growth rate of 6 hrs, 11 hrs, 18 hrs and 22 hrs is revealed by the
scanning electron microscopic images shown in figure 3.1. All ZnO samples
are of Wiirtzite structure (hexagonal phase, space group P63mc). In the Xray
diffraction patterns of ZnO with typical morphologies shown in figure 3.2, all
diffraction peaks are well assigned to hexagonal phase ZnO [reported in JCPDS
card 36-1451]. No characteristic peaks of impurity phases and no diffraction
peaks except that of ZnO were found, which indicates that only single phase
hexagonal ZnO is present. The summarized morphologies and estimated pa-
rameters are illustrated in table 3.1. In figure 3.2, the strongest detected (h k 1)
peaks are at 26 values of 31.8°,34.6°,36.4°,47.6° ,56.7° ,62.9°, corresponding to
the following lattice planes: (100),(002),(101),(102),(103), respectively. The d
spacing along the (100) plane is found to be 2.807 A°. The lattice constants a
and ¢ were determined as a=0.3249nm, ¢=0.5206 nm by using following equa-
tion [5]

d? k) 3 a? c2

When the reaction media was heated at 80°C for 6 hr ZnO DB microrod
with an average diameter of 800 nm and length of 3um were formed. The ZnO
DB microrods preferentially grow along the [0001] direction and form similar
to the sharing of two individual microrods, stabilizing between Zn [0001] planes

1 4 (h? + hk + k2 12
AW IR R) | (3.5)
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Figure 3.1: Growth time dependence of ZnO nano-crystals in Zn(NOj)s.
6H,0 (1 mM) and HMTA (1 mM) solutions under 80°C (a) 6h, (b) 11h, (c)
18h and (d) 22h.

and with Zn [0001]faces masked. They also have wider size distribution than
the nanoplates and nanoflakes. Wenquin and co workers [11] reported the pre-
cursor concentration dependant structure morphology of ZnO nano and micro
crystals. To understand the observed behaviors of ZnQO, it is necessary to study
the growth mechanism. ZnO exhibits a Wiirzite crystal structure which is a
polar molecule with [0001] polar surfaces and non-polar [0110] faces. The non-
polar surfaces are electrically neutral having a low surface energy and the polar
surfaces have a high surface energy, which is the main factor for the differentia-
tion of the growth rate along both the polar and non-polar directions [12]. The
length and width of the synthesized ZnO crystals would be directly affected by
the growth rate in the [0001] polar face and the [0110] non-polar faces respec-
tively. When the heating time is prolonged for 11 hr, the crystal growth along
[0001] direction decreases, leading to the formation of nanoflakes. The DB ZnO
microrods were changed into flake shaped crystals, due to the sequential disso-
lution of the polar O [0011] and non-polar [0110] ones [13]. When heated for 18
hr, the ZnO nanoplates with uniform size were fabricated in large scale and for
22hrs, microrods are observed. The surface reconstruction may favor a partic-
ular crystalline structure or surface orientation of a crystalline structure. The

53 International School of Photonics



Synthesis and characterization of ZnO at nano/micro scales

Table 3.1: Crystalline dimensions of DB microrods, nano flakes, nano plates

and microrods

Avg.diameter (um) | Avg.thickness/ length(um)
DB microrods 0.8 3.0
Nanoflakes 4.0 0.35
Nanoplates 4.0 0.2
Microrods 0.8 5.0

ZnO microrods are assumed to be formed by stacking the nanoplates. It seems
that both DB micro rods and hexagonal microrods have same average diameter.

The schematic representation of ZnO structures is depicted in figure 3.3.
Here we believe that the growth time plays a key role for anisotropic growth of
well-defined ZnO morphologies.
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Figure 3.2: X-ray diffraction pattern of (a) ZnO DB microrods (b) nanoflakes
(¢) nanoplates and (d) microrods
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Figure 3.3: Schematic representation of face orientation of ZnO nano struc-
tures

Effect of hexamethylenetetramine (HMTA) concentration

Further, we observe that variation of the molar concentration of the HMTA
precursor solutions, in the ratio with zinc nitrate is 1:0.5, 1:1 and 1:1.5. The
objective of this work was to determine the role of HMTA on the DB microrod
growth since the role of HMTA is still under debate. HMTA is a nonionic cyclic
tertiary amine that can act as a Lewis base to metal ions and has been shown to
be a bidentate ligand capable of bridging two zinc (II) ions in solution. HMTA
is also known to hydrolyze, producing formaldehyde and ammonia in the pH
and temperature range of the ZnO rod reaction [14]. The role of HMTA in
the synthesis procedure is to control the release of the hydroxide ion during
reaction and thereby tailor the aspect ratio. Therefore the concentration of
OH- anions is the dominant factor in the growth process of ZnO nanorods. So
HMTA plays a key role in the growth of ZnO rods. The hydrolysis rate of
CgH12Ny is low, thus it can provide OH™ anions at a steady rate, rendering
a solution with a constant concentration of OH anions. At low concentrations
of CgH12Ny, the reaction rate of OH™ anions is low; on the other hand, the
reaction rate and the growth rate of ZnO rods are high at high concentrations
of CgH12Ny. The average diameter of the nanorod decreases with the HMTA
concentration in the solution as shown in figure 3.4.
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Figure 3.4: HMTA concentration dependence of ZnO nano-crystals under
80°C,6h in Zn(NOjz)a. 6Ha0 (1mM) solutions(a)0.5 mM(b)1 mM and (c)1.5
mM and (d)HMTA concentration Vs aspect ratio

Effect of temperature

To study the effect of temperature on the ZnO DB microrod, the growth
of DB microrod were performed at 70, 80 and 90°C respectively. The cor-
responding scanning electron microscopic images of the rods grown at each
temperature are shown in figure 3.5. Temperature is important in the growth
control of ZnO nanostructures. The growth temperature has an impact on the
aspect ratio of the rods. As shown in figure, the average length of the rods
increases from 1.57um to 2.88um and average diameter decreases from 589 nm
to 455.4 nm when the temperature is increased from 70 to 90°C which was
measured using digimizer which is an affordable image analysis software. In
our experiment, 80°C is the optimum temperature for obtaining high quantity
nanorods. When the temperature is increased to 90°C, the HMTA decomposes
more quickly than at a low temperature, producing enough OH™ ions, resulting
in the sufficient size controlled growth in ZnO with good aspect ratio compared
to other two, but the alignment degree is poorer than at 80°C. This implies
that the growth rate is sensitive to temperature.
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Figure 3.5: Temperature dependence of ZnO nano-crystals in Zn (NOjs)s.
6H,0 (1 mM), HMTA (1 mM) solutions for 6h. (a) 70°C, (b) 80°C and (c)
90°C

3.4.2 Absorption spectroscopy of ZnO nano/micro crys-
tals

We have also performed optical studies to evaluate the optical qualities
of ZnO structures. The ZnO crystals are characterized by optical absorption
measurements recorded using a spectrophotometer (JascoV-570 UV/VIS/IR).
Figure 3.6 gives the room temperature absorption spectra of the different mor-
phologies of ZnO prepared by simple wet chemical method.

Compared with the bulk ZnO, we can see that there is a blue shift in
the absorption edge. It is possible to estimate the optical band gap from the
absorption spectra using the relationship of Emin et al.[15] between the ab-
sorption coefficient and the photon energy hv using equation

ahv = k(hv — E,)'/? (3.6)

where k is the slope of the Tauc edge called the band tail parameter, hy
is the incident light energy and E, is the optical band gap which could be
calculated from (ahr)? versus hy plot i.e.by extrapolating the linear portion of
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Figure 3.7: Optical band gap of the different morphologies of ZnO

the plot (i.e.Tauc extrapolation) to the energy axis gives the optical band gap
value of ZnO structure. The optical band gap of ZnO structures are shown in
figure 3.7.

3.4.3 Fluorescence spectroscopy

ZnO is a direct wide band gap (3.37 €V) semiconductor at room tempera-
ture, this fact, coupled with its large exciton binding energy (60 meV), makes
it suitable for effective UV emission. But due to the poor crystalline quality of
nanomaterials, such as high density of structural defects, impurities etc, the UV
emission band which results from the recombination of excitons is liable to be
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quenched and the defect emission in the visible region is detected [16]. These
deficiencies hinder the progress of ZnO in optoelectronic and lasing applica-
tions. Hence the study of photoluminescence spectra is an effective method to
evaluate both ZnO defects and its optical properties. The photoluminescence
of ZnO structures exhibits different features depending on their morphological
variations. The fluorescence behavior of ZnO nanostructures was studied as a
function of wavelength.

The DB microrods, nanoplates and nanoflakes exhibit UV peak attributed
to the near band edge (NBE) emission and no defect emission is detected. The
photoluminescence spectra of microrods recorded at various excitation wave-
lengths show striking differences in spectral features. The detailed emission
spectra of ZnO structures are shown in the figure 3.8. The micro rods give out
blue - green fluorescence emission for two excitation wavelengths of 266 and
276 nm and excellent UV emission at 389.42nm for an excitation wavelength
of 286 nm. Green emission from ZnO microstructures centered on 530 nm is
attributed to vacancies of Zn?T or O?~ and the presence of extrinsic impurities
or surface carriers. Our sample was grown at low temperature, at around 80°C,
so that Zn?t vacancy can be ruled out. Therefore we assume that the emis-
sion at 530 nm is due to surface states excited along with the hs-e; and hg-es
exciton formation and decay [17, 18]. This also gives a series of lines at 387,
425, 490 nm in addition to the green emission. The hj-e; (low energy exciton)
selectively decays through emission at 387 nm because of less probability of
interband transition of the electron states [19]. It is clear that crystal quality
would affect the emission performance and hence the synthesized crystals with
less defects exhibit enhanced UV emission intensity as well as reduced visible
emission intensity.

3.5 Conclusions

e We were successful in synthesizing DB microrods,nanoflakes,nanoplates
and microrods of ZnO with different ratios of polar to non-polar faces
through simple, low temperature wet chemical method.

e To finely modulate the morphology of ZnO, the relationship between the
morphologies and the reaction conditions were also investigated.

e It was found that the growth duration plays a crucial role in the face
orientation of ZnO crystals and the precursor concentration and temper-
ature have no obvious influence on the morphology but only affect the
size slightly.
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e The energy band gap of the ZnO structures is investigated from the

absorption spectroscopy

The room temperature photoluminescence of ZnO structures exhibit UV
and visible emission depending on the morphology.
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Chapter 4

Nonlinear optical
characterization of ZnO
composites-A
morphological study

4.1 Abstract:

We report a methodical study on the third order optical non linearity
of anisotropic growth of ZnO crystals embedded in polymeric matrices and
nanowires on the glass substrate with the use of pre-existing textured ZnO,
ZnS and TiOy seeds employing Z-scan method with Nd: YAG laser (532 nm,
7 ns, 10 Hz). The controlled morphologies of ZnO including DB microrods,
nanoflakes, nanoplates and microrods prepared by low temperature wet chem-
ical method. The studies show that the optical non linearity of ZnO crystals
is highly dependent on the structural geometry. Our study offers better in-
sights into the third-order nonlinear optical characteristics of ZnO crystals and
reveals the great potential for applications in nonlinear photonic devices.

Results of this chapter are published in

e Aparna Thankappan, Divya S, Sheenu Thomas, V.P.N. Nampoori“Optical characterization of
ZnO nanoplates embedded in polymeric matrices for optical limiting applications” Optics & Laser
Technology 52, 37-42 (2013)

e Aparna Thankappan ,SheenuThomas, V.P.N.Nampoori “Novel composites based on polymer
micro-rods for photonic device applications” Optics &Laser Technology 58, 63-70 (2014)

e Aparna Thankappan, C.L. Linslal,S.Divya, P.V. Sabitha,Sheenu Thomas, V.P.N. Nampoori

“Optical nonlinear investigations on morphology controlled growth of ZnO crystals” Optics &
Laser Technology 64, 133-139 (2014)
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4.2 Introduction

Fundamental science plays a vital role in the generation of future technolo-
gies. Low dimensional organic semiconductor composites possess many unusual
physical, chemical and optoelectronic properties compared to their bulk coun-
terparts, thus holding potential applications in many fields such as nonlinear
optics, optical switching and single electron transistors. In recent years, the
nonlinear optical properties of nanomaterials have attracted much interest due
to their potential applications in nanolasers [1], optical limiting [2] and all
optical switching [3] devices. Optical limiting property provided by reverse
saturable absorption (RSA) in which the excited state has strong absorption
compared to that of the ground state, is gaining interest over recent years due
to its variety of applications in devices for protecting sensitive devices from in-
tense optical radiations. Semiconductors are being experimented in this regard
for the past few years because of their extensive applications in solid states
electronics and optics. Polymers toughened with nanosized inorganic consti-
tute a new class of materials of meticulous significance [ 4-6].

The use of polymer is a convenient method for the synthesis of low dimen-
sional semiconductor structures, because the polymer matrices provide process
ability, solubility and control of the morphology of nanoparticles [7]. The com-
mon approach to polymer nanocomposites includes casting of films using the
mixture of nanoparticles and polymer, and another is inbuilt growth inside
the solid matrix. The former mode of fabrication of films is of interest in the
present study. Photonic polymers have excellent radiation stability [8,9]. As we
know, ZnO is a polar crystal with hexagonal phase and high anisotropy which
leads to the oriented growth along c-axis [10]. Crystal growth morphology re-
sults from the interplay of crystallographic anisotropy and growth kinetics [11].
Anisotropic tendency in the crystal growth exploring the relationship between
crystal planes of solid material and their physical/chemical properties have
attracted several researchers [12]. ZnO, an exceptionally important multifunc-
tional semiconductor, has intense commercial interest in developing practical
short wavelength semiconductor diode lasers for the huge market needs due
to its many significant properties such as physical and chemical stability, high
catalytic activity, effective antibacterial and bactericide function, intensive ul-
traviolet and infrared absorption [13-15], and exhibits a hexagonal structure
with large band gap of 3.37 eV at room temperature and exciton binding en-
ergy of 60 meV above room temperature [16]. Therefore it is an apt candidate
for ultraviolet optoelectronic applications.

Over the past few years numerous efforts have been employed in controlling
the size and shape of inorganic nanocrystals to tune its properties for prospec-
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tive applications such as the size, orientation and morphology, aspect ratio
and even crystalline density can significantly influence various properties. So
far, prismatic[17], belt like [18]flower like[19] tubular[20], tower like[21], plates
[22] like ZnO have been reported using physical and chemical techniques [23].
Recent advances in nano science and nano technology have not only revealed
the potential of nanoscale electronic and optoelectronic devices, target drug
delivery, etc., but have also shown its potential utility as a hydrogen storage
material for clean energy [24]. Therefore, development of morphology con-
trolled synthesis of nanostructures remains a considerable challenge to answer
the demand for exploring the potentials of ZnO.

In this chapter, we report a systematic study on the third order optical
non linearity of controlled morphologies of ZnO nano/micro crystals which
include DB microrod, nanoflakes, nanoplates and microrod structures and also
investigate the nonlinear behavior of nanowires with the use of pre-existing
textured ZnO, ZnS and TiOs seeds using an Nd: YAG laser (532 nm, 7 ns, 10
Hz). These properties are commonly defined in terms of intensity dependent
nonlinear absorption coefficientar (I), which can be written in terms of linear
absorption coefficient and two photon absorption coefficient 8 as

a(l) =a+ B(I) (4.1)
When SA is present this equation modifies to

a() = (4.2)

The structures were characterized by scanning electron microscopy and
X-ray diffraction. Depending on the pump intensity and on the absorption
cross- section at the excitation wavelength, most molecules show nonlinear
absorption. Therefore, it is necessary to identify their nonlinear absorption
effects, and to determine their nonlinear absorption parameters, such as the
saturable intensity (Is) for saturable absorber, the TPA coefficient () for two-
photon absorbing material. The room temperature non linear optical properties
of the as-prepared ZnO significantly depend on the crystal size, orientation and
morphology, aspect ratio and crystalline density.

4.3 Experimental details

4.3.1 Controlled growth of ZnO crystals

The nutrient solution was prepared from an aqueous solution of zinc nitrate
hexahydrate [Zn(NOj3)26H20] and hexamethylenetetramine (HMTA) [(CHsz)gNy]

65 International School of Photonics



Nonlinear optical characterization of ZnO composites-A morphological study

heated at 80°C. The synthesis procedure for the growth of ZnO crystals was de-
scribed in chapter 3. To avoid sedimentation of nanocrystals, the solution was
centrifuged and washed several times and finally embedded into the polyvinyl
alcohol [CHCH(OH)|n solution(15%) ,which is a water soluble polymer. Free
standing films(thickness 80-90 pm) were developed (Plasto Mek,delta.0.2 kW,230
V,1 phase) which was used as samples for the nonlinear studies. The thickness
of the films were measured using a Mitutoyo Micrometer (series 193). Here
PVA acts as the matrix for the homogeneous distribution and immobilization.
Optical properties of such crystals can be utilized in technological applications
such as sensors which require large area of coating.

4.3.2 ZnO nanowires with different seeded layers

ZnO branched nanowires were grown on the glass substrate that were
seeded with a thin film of nano ZnO as in the work by Greene et al [25]. ZnO
seed were synthesized according to the method described by Pacholski [26].
0.01 M zinc acetate in methanol was added drop wise to a well-stirred solution
of 0.03 M NaOH in methanol maintained at 60°C. After two hour growth, the
solution was centrifuged to separate the nano of size 72 nm. Fresh methanol
was infused to suspend the particles. The ZnS and TiO; nanoparticles were
synthesized as follows.

The TiO; sol was prepared via sol-gel method. Titanium tetra-isopropoxide
(TTIP,) was used as the precursor to prepare TiOs sol. A mixture of HCl and
isopropyl alcohol was added to a mixture of TTIP and isopropyl alcohol under
continuous magnetic agitation at room temperature. The TiO5 sol composition
was of molar ratio TTIP /isopro-panol/water =1:26.5:1.5. The [H+]/ [TTIP]
molar ratio ranged from 0.02 to 1.1. The resultant TiO2 sol was clear, yellow
and stable. The as obtained nanoparticles were thermal treated at 100°C to
remove the excess moisture content. Thus amorphous TiOs nanoparticles of
35 nm were obtained [27].

ZnS nanocrystals are synthesized by using wet chemical precipitation at
room temperature. 1M ZnCly and 1M NasS in water are used as sources of
Zn and S respectively and 2 ml of Tri ethanol amine (TEA) was used as cap-
ping agent and the solution was centrifuged to separate the nanoparticles. The
X-ray diffraction study reveals that the size of the nanocrystals is about 2.6 nm .

The thin films are formed by dip coating the glass substrate. The nanowires
were grown on the seeded substrates by placing them face down in a closed
vessel containing equimolar concentration (0.025 M) of zinc nitrate hexahydrate
and hexamine in de ionized water at 80°C.
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To determine third order non linear optical characteristics of ZnO crys-
tals such as non linear absorption, the single beam Z-scan technique proposed
and demonstrated by Sheik-Bahae et al[28],was employed. The transmission
of a laser beam that changes near the focal point during the sample transla-
tion along the propagation path through an open-aperture (OA) and a closed-
aperture (CA) was measured. A Q-switched Nd: YAG laser (Spectra Physics
LAB-1760, 532 nm, 7 ns, 10Hz) was used in the Z-scan experiment to study
the optical non linearity. A 20 cm converging lens was used to focus the laser
beam. The radius of the beam wy was calculated to be 35.4um. The Rayleigh
length, zo=7w3 /), was estimated to be 7.4 mm, which is much greater than
the thickness of the sample, and is an essential prerequisite for Z-scan exper-
iments. The sample was fixed on a computer-controlled translation stage, so
that it could be accurately moved through the focal region of the laser beam
over a length of 6¢cm. The transmitted beam energy, reference beam energy and
the ratios were measured simultaneously using an energy ratio meter (Rj7620,
Laser Probe Corp.) having two identical pyroelectric detector heads (Rjp735).
The detected signals were acquired, stored and processed by the computer.
Optical density filters were used to vary the laser intensity at the lens focus.

4.4 Results and discussions

4.4.1 Nonlinear optical behaviour of controlled growth of
ZnO crystals

Open aperture (OA)Z scan

To estimate the saturable intensity and non linear absorption coefficient,
the experimental data of the samples were fitted with numerical simulations.
The transmitted OA Z scan signal is given by [29]

— [—aq(z,0)]™
T(z,5=1) = ZZ:O m (4.3)
where )
qo(z,t) = 7610;&2];%0 (4.4)
0

Less denotes the effective sample length, defined by

1 —exp(—al)

Leys = (4.5)

(07

with the linear absorption coefficient «, the sample thickness 1 and m an
integer. The parameter gy can be obtained by fitting the experimental results
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to the Eq 4.3. where Zy and Z are the Rayleigh range and the translated length
parallel to the beam propagation, respectively. This equation can be used to fit
the experimental data of the OA Z scan trace (the nonlinear absorption mea-
surements), treating Ip(t) as the position dependent intensity. The position
dependence in intensity should be incorporated into the expression by consid-
ering the variation of beam size on either side of the focus. The values of ns,
calculated using Eq.(4.6),

cngAAyg

= 4.6
407T27T10Leff ( )

na
The imaginary part of third order susceptibility Im (x?) is related through the
equation [30]

2.2
() = gD (esu) (4.7)

If excitation intensity Iy is less than I, we can consider SA as a third order
process and in such cases - / I is equivalent to nonlinear absorption coeffi-
cient 8 which will then give Im 3.

Experimentally determined nonlinear refractive index ny and nonlinear ab-
sorption coefficient (/) can be used in finding the absolute value of the third-
order nonlinear optical susceptibility, through the relation,

Re(x®) = for (4.8)

3T

where ng is the linear refractive index of the film measured using Abbe re-
fractometer, ¢ is the velocity of light in vacuum, w is the angular frequency of
radiation used and [ the nonlinear absorption coefficient. The Z-scan traces
are shown in figure 4.1; fits of Eq. (4.3) to the experimental data are depicted
in the figure and the measured values are tabulated in Table 4.1. The TPA
coefficient (3) can be determined by analyzing the measured OA Z scan trace.
Under the experimental conditions, laser beam illumination at 532 nm usually
corresponds to the two-photon absorption (TPA) process because the photon
energy of the 532 nm laser is within the range E; < 2hv< 2E,, where hv =
2.33 eV .

g

Generally different processes, such as TPA transient absorption, free car-
rier absorption interband absorption, photo ejection of electrons and nonlinear
scattering, are reported to be operative in nonlinear absorption. The experi-
mental data shows a slight deviation from the theoretical curve which is fitted
for two photon absorption. This deviation can be attributed to two photon in-
duced free carrier absorption which is observed in particles with larger size [31].
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Figure 4.2: Relationship between the energy band gap and the Im(x?) at 320
MW /cm?

When we plot the Im (x?) with corresponding band gap, we get a nonlinear
curve which is shown in figure 4.2. Generally it follows an inverse relationship.
Hence it can be inferred that an unusual behavior occurs in the rod structure
having higher band gap [Egy pBmicrorods= 3.9 €V; Eg Nanofiakes= 3.54 €V
Eg Nanoplates— 3.3 eV; EgMicrorods: 3.74 QV}

In the case of rods including both DB microrods and simple microrods, per-
fect switching behavior could be demonstrated by changing the pump power in-
tensity as shown in figure 4.3.This is confirmed by measuring the transmittance
of radiation by the sample. Figure 4.3 shows that transmittance of radiation is
more in the case of rods as compared to plates and flakes. This can be thought
that some type of confinement of radiation are more in rod shaped structures.
We consider that they can both confine an externally launched light into its
cavity structure formed by the hexagonal boundaries, and undergo multiple to-
tal internal reflections from the hexagonal facets, which provides an enhanced
effective optical path length to confine the light and increases the communica-
tion between the excitation light and ZnO [32]. Enhancement in the optical
path length increases the excited state absorption and free carrier absorption,
leading to bleaching of the ground state band. The dumb bell shaped system
with least defects causes switching at low power.

The nonlinear absorption coefficient calculated from the above fits shows

a dependence on the input fluence and concentration. We have also studied
the behavior of nanoplates by changing the concentration of sample solution
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Figure 4.3: The variation of transmittance intensity with the laser input of
85uJ

1.5 m mol (Cz) and 2 m mol (C3). There is no significant shift in the energy
band gap evaluated from the optical absorption spectra. The measured values
of imaginary part of the third-order susceptibility (Im x?) and optical limiting
threshold of ZnO nanoplates/PVA at a wavelength of 532 nm for different ir-
radiation intensities are tabulated in table 4.2.

The results of open aperture Z scan studies of samples shows that the value
is decreased with the increase in concentration of nanoplates and input fluence.
As given in the table, the non linear response of the nanoplates depend on both
the pump power and the concentration. As the power or the concentration is
increased, lowering of the non linear absorption coefficient occurs thereby di-
minishing the third order susceptibility, as reported by several workers [34,35],
which can be due to the interplay of the non linear absorption and one photon
assisted energy transfer from excited state to the nearby trapping site; and the
local field enhancement through the size and structure dependent interfacial
interaction between nanoplates [33].

One of the applications of reverse saturable absorption materials is in de-
vices based on optical limiters which transmit light at a low input fluence,
while they become opaque at high inputs. Reverse saturable absorption, which
is generally allied with a large absorption cross section from excited state than
the ground state, brings about optical limiting effects. In semiconductor mate-
rials, the optical limiting is governed by TPA as observed in this study. Semi-
conductor films with high TPA coefficients and strong Kerr-induced nonlinear
susceptibilities are very good candidates due to their small time response as
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optical limiters of intense short pulse radiation [36].
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Figure 4.4: Optical limiting response of ZnO nanoplates and nanoflakes for
different input fluences

As in the case of nonlinear absorption, the experimental investigation of
the optical limiting in the sample was performed using OA Z scan at different
input power density and concentration. Therefore these films with immobilized
semiconductor nanoplates appear to be attractive candidate for optical limit-
ing applications. Figure 4.4 represents the limiting response of nanoplates/PVA
and nanoflakes/PVA| for different input fluences, the arrow in the figure indi-
cates the approximate fluence at which the normalized transmittance begins to
deviate from linearity. The limiting threshold of nanoplates/PVA at different
input fluences are tabulated in table 4.3 and that of nanoflakes in table 4.4.
As given in the table, the nonlinear response of the nanoplates and nanoflakes
depends on both the input fluence and the concentration. The increase of
the pump power and the concentration leads to the enhancement of the optical
limiting performance with appreciable limiting threshold at 46.86 MW /cm? for
C3, for higher input fluence, due to local field enhancement inside the plates
and flakes. This property is desirable for the protection of sensors and human
eyes from being affected by intense laser radiation. But for the C2 and C3 of
nanoplates at 545 MW /cm?, we got higher OL value than at 436 MW /cm?. We
assumed that it may due to the nonlinear scattering from the thermal induced
scattering centers.
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The obtained values at different irradiation intensities are given in table
4.5 for DB micro-rods and Table 4.6 for the simple micro-rods. The results
show enhancement from the reported value for ZnO nanoparticles embedded in
PMMA matrix [37]. The theory of the two photon absorption process that fits
well with the experimental curve infers that TPA is the basic mechanism in-
volved in the nonlinear absorption process, but the possibility of a higher order
nonlinear process such as free carrier absorption that contributes to induced
absorption cannot be ruled out. We observed that at the off resonance wave-
length of 532 nm, the dumbbell micro-rods showed switching behavior from
RSA to SA on increasing input fluence. Such an effect can be used for opti-
cal pulse compression, optical switching, laser pulse narrowing [38] and signal
processing. The observed switchover behavior could be due to bleaching of the
ground state band by laser intensity, i.e., in the case of the intraband transi-
tion, the ground-state electrons are pumped to the excited-state on increasing
input fluence.

We have also studied the behavior of both dumbbell microrods and sim-
ple micro-rods by changing the concentration of sample solution to 1.5 mmol
(C2: Eg=3.83 ¢V for DB microrods and Eg=3.77 ¢V for simple micro-rods)
and 2 mmol (C3: Eg= 3.81 eV for DB micro-rods and Eg=3.79 eV for simple
micro-rods) and the measured values are tabulated in Tables 4.7 and 4.8. As
given in the table the nonlinear response of nanocrystals depends on both the
irradiation intensity and concentration; therefore these films with immobilized
semiconductor appear to be an attractive candidate for optical switching ap-
plications.

Closed aperture (CA) Z scan

For the CA Z scan studies we choose the morphologies of DB microrods,
nanoplates and microrods. The morphology of nanoplates and nanoflakes are
more or less same.

The figure from 4.5-4.7 show the CA peak -valley Z scan traces, indicate
the negative nonlinear refractions due to self-defocusing. The de-focusing effect
is attributed to the thermal non linearity. Self-defocusing has been observed
in a variety of semiconductors and has been used to demonstrate optical limit-
ing. To eliminate the contribution of nonlinear absorption; the CA traces were
normalized by dividing them with the OA signals measured at the same intensi-
ties. The size-and structure-dependent interfacial interactions between the ZnO
micro-crystals influenced the magnitude of nonlinear absorption and nonlinear
scattering. The third order nonlinear refraction is attributed to the bound
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electronic effect[39]due to TPA induced interband transitions; these carriers in
turn block further interband transitions, giving rise to saturation of photon
energies below the band gap.

The nonlinear refractive index coefficient is negative which implies that
nonlinearity is of thermal origin. As irradiance intensity is increased, opti-
cal nonlinearity is reduced in the same way as Re(x®) and the dependence
of nonlinear refractive index coefficient with irradiance intensity is nonlinear.
Thermal effect at high irradiance leads to convective dynamics in the medium
which reduces nonlinearity. This is also clear from the increase in the saturable
intensity at higher intensities. Furthermore, the negative sign of nonlinear re-
fraction is consistent with the optical Stark effect[40]; in addition, because of
high repetition rate of laser pulse some slow nonlinearity might be involved.

For C1 the estimated average value of Im (x?) is 2.243*107! esu and Re
(x?) is -9.149*107 Yesu and (x?) is 9.431*107%esu and the average nonlinear
refractive index is -44*10~%esu. The separation between the transmittance
peak and valley in resultant Z-scan is ~ Z,,, -1.7 Zgy, which indicates the over-
whelming, effects of cubic non linearity [41,42].
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4.4.2 Structural characterization of ZnO nanowires with
different seeded layers

ZnO
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Figure 4.8: Schematic representation of tailored growth of ZnO nanostructures
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Figure 4.9: (a) SEM image of ZnO branched nanowire with ZnO seed (b)
XRD pattern of various seed layers

Three kinds of crystal morphologies were obtained depending on the
seeded layer. The schematic representation of the tailored growth of ZnO
nanostructures is depicted in figure 4.8. We first observed the effect of same
seed for the growth of nanowire; branched nanowire obtained is shown in fig-
ure 4.9. The growth of nanowires from a common nucleus may be due to the
aggregation of nano ZnO-the nanowires growth along the preferential direction
of the crystalline network. We repeated the same synthesis method for the
nanowires with various seeded layers; the XRD pattern of seeded layers used
for the synthesis is shown in figure 4.9(b). With the TiO3 and ZnS seeds, a
new morphology of nano material appears; vertical microrods (top view) and
vertical nanorods. Nevertheless a small proportion of ZnS nanoparticles does
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Figure 4.10: SEM image of ZnO nanostructures with TiOy seed and ZnS seed

not allow for the exclusive growth of nanorods. SEM image of ZnO nanostruc-
tures with TiOs seed and ZnS seed is shown in figure 4.10.

Introducing the nanowire into the ZnO seeds changes its band gap from 3.77
eV to 3.47 eV; for the TiO; seed it changes the band gap from 3.91 eV to 3.64
eV and for the ZnS seed, it changes from 3.97 eV to 3.77 eV [43] (Optical band
gap was calculated from Tauc extrapolation method.). The OA Z scan studies
have been carried out in the next section. But we cannot able to study the
CA Z scan of these ZnO composite due to the very low transmitted intensity.
The thermal nonlinearity and nonlinear scattering due to the refractive index
mismatch were limits to the transmitted intensity.

4.4.3 Nonlinear optical absorption of ZnO nanowires with
different seeded layers

The strength of the nonlinearity can be enhanced by using structures ex-
hibiting quantum confinement effect. The various seeded layered nanostructure
shows switching either from RSA to SA or SA to RSA is shown in figure 4.11,
which is assumed to be due to the asymmetric bond between the semiconduc-
tor. The anisotropic growth from the various seed layers in growth rates of the
different crystal faces of ZnO, may also affect the nonlinear absorption. The
optical nonlinear parameters of nanocrystals with different seeded layers are
tabulated in table 4.9. The crystallinity of the seed layer plays a crucial role in
nonlinear absorption. The rod-seed interaction generates new complex result-
ing into new energy level. This is possible only if any of the vibrational modes
of TiOs is coupled to the energy level structures of the seed material. This takes
place comparatively at higher energy so that excited state absorption (ESA)
takes place, resulting into SA. Introduction of nanowire generates energy levels
so that SA further changes over to RSA by TPA/ ESA.
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4.5

Conclusion

To summarize, the third-order optical nonlinearities and nonlinear re-
sponses of ZnO anisotropic structures synthesized by the low-temperature
wet-chemical method were characterized by Z scan method with nanosec-
ond laser.

The optical limiting enhancements in ZnO nanoplates and nanoflakes
were mostly contributed from the interfacial interaction between the
structure and the local-field enhancement in addition a one photon as-
sisted energy transfer from the excited state to the nearby trapping sites.

The rods confine an externally launched light into its cavity structure,
which provides an enhanced effective optical path length to confine the
light, showing perfect switching behavior.

The geometry of structures which is one of the crucial factors to the
optical nonlinearity and our study offers better insights into the third-
order nonlinear optical characteristics of ZnO crystals and reveals the
great potential for applications in nonlinear photonic devices.
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Chapter 5

Nonlinear optical
characterization of betanin
natural dye

5.1 Abstract:

We report on the solvent effect on the third order optical non linearity of
betanin natural dye extracted from red beet root and their third order non lin-
ear optical (NLO) properties have been studied using a Q-switched Nd: YAG
laser at 532 nm. The third order non linearity of these samples are domi-
nated by non linear absorption ,which leads to strong optical limiting and their
strength is influenced by the solvent used, suggesting that betanin natural dyes
are promising candidate for the development of photonic non linear optic de-
vices.

Results of this chapter are published in

e Aparna Thankappan, Sheenu Thomas, V.P.N. Nampoori “Solvent effect on the third order
optical nonlinearity and optical limiting ability of betanin natural dye extracted from red beet
root” Optical Materials, 35, 2332-2337 (2013)
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5.2 Introduction

The need for nonlinear optical materials for applications such as phase con-
jugation, image processing, optical switching and optical limiting are increas-
ingly becoming important. Recently, a large number of organic m-conjugated
molecules have been investigated due to their large nonlinear optical suscepti-
bility and the possibility of tailoring their properties which allow these materials
to be used to protect optical detection elements such as human eyes and op-
tical sensors, by controlling the fluency on the image plane below the desired
level. The outcome of such studies has helped to establish certain guidelines
for molecular design of the third-order nonlinear optical materials with desired
properties. In general; an optical nonlinear (NLO) material for optical limiting
has low loss, high nonlinearity, high damage threshold, ease of processing and
a broadband spectral response. However, most of the synthesized materials
require elaborated preparation procedures and safety measures, use or gener-
ation of hazardous materials, costly materials, as well as fragile or chemically
unstable structures beyond certain threshold irradiance. Therefore, we suggest
natural dye extracts as environment friendly, safe, and inexpensive materials,
as well as having high chemical stability during optical excitations with co-
herent light sources. The natural dye reinforcements with the biodegradable
polymers have a high potential for the design of environmentally friendly green
materials for the future applications. The term green materials generally stands
for substances made from sustainable or recyclable items that do not exhaust
the natural resources and are also non-toxic, eco-friendly and safer alternatives
for human life. These hybrid materials can provide promising applications in
optics, electronics, ionics, mechanics, membranes, functional and protective
coatings, catalysis, sensors and biology.

Besides anthocyanins, chlorophylls, and carotenoids, betalain are the most
common pigments in the plant kingdom. These natural pigments from plants
have been extensively investigated as sensitizers for the DSSC[1], in which first
reported betanin DSSC study achieved efficiency of 0.67%]2]. Though the for-
mer have inherent limitations as sensitizers owing to weak absorption of green
wavelengths, the absorption spectra of the latter have more favorable overlap
with the solar spectrum. The betalain are water soluble and nitrogen contain-
ing pigments is relatively stable over the broad pH range from 3 to 7 [3,4,5] and
have several applications in foods such as deserts, dry mixes and dairy [6-12],
comprise the redpurple betacyanins, betanin (I) and betanidin (II), with max-
imum absorptivity at A4, about 535 nm, and the yellow betaxanthins with
Amaz Dear 480 nm[13-16].

The structure of betanin is shown in figure 5.1. Beetroot is one of the
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Figure 5.1: Structure of betanin pigment

richest source of betanin, the most studied betalain, was selected as a topic
of the present study because of good colorant yield and the prominent peak
in the visible region of the spectrum for better quantitative analysis. Unlike
synthetic dyes these beetroot based natural dyes are eco-friendly and pose no
environmental problems, which are very important for some sensitive applica-
tions. Determination of second and third order nonlinearities are of fundamen-
tal importance for evaluation of the properties with respect to wave-guiding
structures containing betanin.

By using the Z-scan technique the optical nonlinearity of many organic
materials has been explored. It is well known that the Z-scan technique, which
was present by Sheik-Bahae et al.[17], has been extensively used as an effec-
tive and convenient tool for exploring the nonlinear absorption properties of
various materials. In this paper we report the techniques used to prepare the
natural dye extracts, optical characterizations, and determination of absorption
coefficients. Also, we present here some of our findings and suggestions.

5.3 Experimental
The extracts of the red beets were obtained from fresh biological materi-

als, pigments can be water extracted and slight acidification of the extraction
medium enhances the betacyanin stability and avoids oxidation .In order to
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study the effect of solvent on betanin dye, the pigments are also extracted
using methanol and ethanol. The pigment extracts must be protected from
direct light exposure and should be kept in cool place. The UV-VIS absorp-
tion spectra of the dye solution in different organic solvents (de ionized water,
methanol, ethanol) were recorded using a UV /Vis spectrophotometer (Jasco
V-570 UV/VIS/IR). Betanin dye solutions were carried out by the single beam
Z scan technique. The details of which is already discussed in chapter 4.

5.4 Results and discussions
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Figure 5.2: UV-VIS absorption spectra of betanin in water, ethanol and
methanol

When absorption spectra of betanin are measured in solvents of different
polarity(de ionized water, methanol and ethanol) at various concentrations, it
is found that the positions, intensities and shapes of the absorption bands are
modified by these solvents, is shown in figure 5.2 in which the visible range (520-
565 nm depending on the solvent)is attributable to betanin. These changes are
a result of physical intermolecular solute-solvent interactions (such as dipole-
dipole, ion-dipole, hydrogen bonding, and induced dipole-dipole), which above
all tend to alter the energy difference between ground state and excited state
of the betanin and external solvent polarization interactions can lift internal
symmetry restrictions in the solute molecule which can induce new bands. The
decrease of polarity of the solvent leads to the red shift caused by the so-
lute/solvent dispersion interactions
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Optical properties of organic molecules utilized in scientific and technolog-
ical applications can strongly depends on properties of the surrounding media
and the interaction of the dancing molecules. For liquid solutions, solvent plays
fundamental role in optical processes, and various modes of energy transfer in-
volved in sample solution are collision between base fluid molecules, thermal
diffusion in the molecules suspended in fluids, collision between the samples due
to the Brownian motion, thermal interactions of dynamic or dancing samples
with base fluid molecules and light induced aggregation of samples, leading to
the modifications of ground state and excited states of the molecules. Such sol-
vent effects mainly the interaction of dye molecules to the solvent surroundings
which depends on the arising forces which can be determined by the charge
distribution and polarizability of the solvent and solute molecules [18,19].

Figures 5.3-5.5 shows the open aperture Z-scan curve of different concen-
tration of betanin in water, ethanol and methanol respectively. The data is an-
alyzed using the procedures described by Sheik-Bahae et al. for a two-photon
absorption (TPA) process.

As the concentration of betanin in water increases, RSA switches to SA
and at the intermediate concentration RSA within SA is observed and fur-
ther no energy absorption takes place. We assume the -COOH on the five
membered rings to be the most acidic of the three carboxylic acid groups on
Betanin. But in the case of alcohols, the H bonding is more energetic than
that of water and have higher excited state absorption cross section, so as the
concentration increases RSA behavior switch back to RSA after an the inter-
mediate concentration exhibiting RSA within SA except for methanol. If the
intermolecular and intra molecular H bonding interaction which takes place
both in the ground state and in the excited state of the molecule is reason-
ably strong, it may cause a substantial change in the electronic levels of the
dye molecules, and there will be a substantial change in the optical behavior
of the dye molecules. The strength of the H bonding in the ground states
and the excited states of the dye molecules depends on this difference in the
electronic charge distribution which was clearly observed from the absorption
spectra depicted in figure 5.2. This differential effect and the number density
of the dye molecules in the laser beam affect the nonlinear behavior and make
them interesting. In general, induced absorption can occur in betanin natural
dye, due to a variety of processes such as excited state absorption, two-photon
absorption, interband and intraband transitions and nonlinear scattering [20].
By light absorption the betanin pigment chromophore excites 7 electrons to a
more energetic state (7*), increasing reactivity or lowering activation energy
for the molecule. This is attributed to the visible transition of betanin which
is well-described as a HOMO— LUMO excitation from the aromatic ring to
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Table 5.1: Polarity of solvents.
Solvent Water(H20) | Ethanol(C2HgO) | Methanol(CH40)
Polarity index 9 5.2 5.0

the surrounding solvent. The betalain pigments are more extracted from the
alcohol solution (yellow betaxanthins A=480 nm) than from the water [21]. In
alcohol solution such an association with -COOH group might be pronounced
than water and this conjugation increases with the decreases of the polarity
of the solvent. Hence the max shifts to longer wavelengths in ethanol and
methanol, and the absorbance gradually increases from water to methanol.
This observation suggests that the difference in energy spacing between 7 and
7* for the dye molecules may not be large in water and the full width half max-
imum (FWHM) increases with the decrease of polarity of the solvent ,which
may be attributed to the interesting nonlinear behavior of betanin. From the
point of view of the solvent influence, at a particular concentration, the 8 value
increases as the solvent polarity increases, which is due to the increase of the
degree of charge delocalization [22]. The decrease of polarity of the solvent also
support our investigations which is indicated in table 5.1.

Thus inter molecular and intra molecular H bonding between dye and
solvent molecules causes a change in the electronic distribution in the dye
molecules. The observed switch over behavior could be due to the bleaching of
the ground state band, i.e., in the case of the intraband transition, the ground-
state electrons are pumped to the excited-state. The excited electrons are free
carriers possessing a whole spectrum of energies, both kinetic and potential.
Immediately after the absorption the electrons excited relax to the ground-
state through electron-electron, electron-phonon and phonon-phonon interac-
tions. Once these electrons are excited by a pulse close to absorption peak,
they do not oscillate at the same frequency as that of the unexcited electrons,
thus causing the ground-state band to bleach or reduce in intensity, which is
almost synchronous with the primary photon absorption. Such change over in
the sign of the non linearity is due to the interplay of the exciton bleaching and
optical limiting mechanisms. The obtained values of the nonlinear parameters
in different solvents are given in table 5.2. In the present case the irreversible
damage induced by the input pulses and the presence of sucrose are supposed to
play the significant role in the observed transition from SA to RSA on increas-
ing concentration of betanin. Results of the present study provide additional
mechanism for gain enhancement.

The optical limiting effects are of special interest in nonlinear optics and op-
toelectronics owing to their possible application for the protection of eyes and
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sensitive detectors against intense radiation and an important parameter in
optical limiting phenomena is limiting threshold which defines the efficiency of
optical limiting material[23].As shown in the Z-scan open aperture results, the
betanin in deionised water, ethanol and methanol exhibited significant trans-
mittance drop when the sample was moved to the vicinity of the focal plane.
This transmittance drop is generally considered to be due to nonlinear ab-
sorption, nonlinear scattering, or combined effects. To characterize the optical
limiting performance of betanin, we have directly measured the energy trans-
mission as a function of fluence at 532 nm using 7 ns laser pulses. The results
of betanin in three different solvents are shown in Figure 5.6.

104 MW/em®
A

ool ) 155 MW/cm’
W I ¢ 286 MW/cm®

0.0 m water -
® methanol oy
0.88 4 A ethanol

T T T T T T T T T
0 50 100 150 200 250 300 350 400 450

Normalized transmittance

Input fluence (MW/cmz)

Figure 5.6: Optical limiting response of betanin in different solvents.

The deionized water, ethanol and methanol solutions exhibit significant
transmittance changes as the input fluence is varied from 50 to 450 MW /cm?,
with the methanol solution showing the best result and the limiting threshold
appearing to be 104 MW /ecm?. Comparing the optical limiting performance of
dye molecules with their corresponding linear absorption spectra, it is observed
that higher the linear absorption, better the limiting performance. Changing
the solvent not only affect the linear absorption spectra, but also dramatically
influence the non linear property and their optical limiting characteristics.

Figure 5.7 report CA Z-scan investigations of betanin natural dye for a
fixed concentration (1.6%) in various solvents. It can be observed that the dif-
ference peak-valley transmittance as well as corresponding peak width changes
with the polarity of the solvents. As illustrated in table 5.3 there is an increas-
ing trend for the values of ny and x? as the polarity increases. The negative
sign of the CA Z-scan as well as the spatial Z-extension of the corresponding
peak-valley are the indication of the dominance of the thermo-optic effect.
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Normalized transmittance (a.u)

Figure 5.7: CA Z-scan measurements of the betanin natural dye in different
solvents at input fluence of 436 MW /cm?

Table 5.3: The measured parameters of betanin dye in CA Z-scan at input
fluence of 436 MW /cm?

solvent ny *10~Yesu | Re(x®)*10~ ! esu | x**10~ ! esu
water -1.293 -2.058 2.161
ethanol -1.047 -1.435 1.481
methanol -0.862 -1.189 1.209

5.5 Conclusion

e In summary, our Z-scan experiments have revealed interesting features
of the nonlinear absorption properties of betanin natural dye in different
solvents.

e Nonlinear absorption coefficients and saturation intensity were estimated
by performing numerical fitting to the experimental data.

e Both inter molecular and intra molecular H bonding has profound effect
on the nonlinear optical properties of betanin.

e The solvent modified the linear absorption spectra and nonlinear behav-
ior of betanin natural dye.

e The simultaneous occurrence of the nonlinear behavior of betanin in
different surrounding media can be made use of in developing various
photonic devices.

e The fact that reverse saturable absorption exists in the vicinity of the lin-
ear absorption band combined with the possible two-photon absorption
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makes betanin a very promising candidate for optical limiting applica-
tions.

The negative sign of the CA Z-scan as well as the spatial Z-extension of
the corresponding peak-valley are the indication of the dominance of the
thermo-optic effect.
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Chapter 6

Nonlinear optical
characterization of
bio-inspired hybrid
materials

6.1 Abstract:

In this chapter, we report the intensity dependent nonlinear absorption
properties of bio-inspired hybrid materials (betanin-ZnO) embedded in poly-
meric matrices through the Z-scan technique using an Nd: YAG laser (532 nm,
7 ns, 10 Hz).We observe a change over in the sign of nonlinearity due to the
interplay of exciton bleaching and optical limiting mechanisms. Light confine-
ment effect and ship- in-a bottle effect play crucial roles. Theoretical analysis
has been performed using a model based on nonlinear absorption coefficient
and saturation intensity. The results of the present study gives additional
mechanism for the gain enhancement in dye doped ZnO matrix.

Result of this chapter is published in
e Aparna Thankappan,Sheenu Thomas, V. P. N. Nampoori “Effect of betanin natural dye

extracted from red beet root on the non linear optical properties ZnO nanoplates embedded in
polymeric matrices” Journal of Applied Physics,112, 123104 (2012)
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6.2 Introduction

As we know, a great variety of low dimensional-related studies hold the at-
tention of many researchers because of their amazing non-linear optical prop-
erties and their possible applications in many fields mainly in DSSC[1] and
that they possess high nonlinear refraction (NLR) and/or nonlinear absorption
(NLA). Optical materials with large coefficients of reverse saturable absorption
(RSA) and nonlinear refraction can exhibit irradiance-dependent transmittance
and phase shift, which co-operatively limit the throughput fluence (optical en-
ergy per unit of area) [2]. Materials with large optical nonlinearity are key
elements in many areas of photonics and optical technology such as all-optical
switching (optical computer) devices, three dimensional fluorescence imaging,
and optical limiting.

One approach to the design of technologically important class of oxide
materials is the incorporation of the natural organic molecules to modify inor-
ganic nano/microstructures. In this instance, the inorganic oxide contributes
to the enlarged functionality by the structure-function relationship of hybrids
and which exhibits an interface where there is a synergistic interaction be-
tween the organic and inorganic components. These organic inorganic frame-
works are particularly attractive from several perspectives such as they possess
a remarkable chemical and structural diversity. It has influence on the bio-
mineralization, hydrogen bonding, and hydrophilic-hydrophobic interactions.
The ability to connect the functionalities to the material expands the scope
of the science significantly. The chemistry of such nanocomposites depends
mainly on their reactivity and structural relationship. Their development is
especially trendy and has received a great deal of attention not only because of
their potential in industrial applications but also from their fundamental point
of view.

Such hybrid materials synthesized through green materials will generate
increasing numbers of smart microelectronics, micro-optical and photonic com-
ponents and systems and novel generations of photovoltaics. The term green
materials generally stands for substances made from sustainable or recyclable
items that do not exhaust the natural resources and are also non-toxic, eco-
friendly and safer alternatives for human life. These hybrid materials also can
provide promising applications in optics, electronics, ionics, mechanics, mem-
branes, functional and protective coatings, catalysis, sensors and biology.

The organic-inorganic composites offer tremendous opportunities in mate-

rial engineering to produce suitable materials with wonderful tailored physical
properties. Sufficient attention has not been paid towards the proper utiliza-
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tion of their capabilities in photonic device applications. Thus, there exists a
pressing need to develop novel optical materials, for which a deep insight into
the optical processes is essential. By intercalating dye molecules which exhibit
strong nonlinear absorption, Canva et al. have demonstrated their usefulness
for true 3D displays [3].

The present work is an attempt to design and characterize efficient optical
materials embedded in a PVA matrix and the effect of betanin natural dye on
their non-linear optical properties of ZnO crystals will be discussed using open
aperture (OA) Z-scan technique.

6.3 Experimental method

The ZnO dumb bell microrods : PVA | ZnO nanoflakes : PVA | ZnO
nanoplates and ZnO microrods : PVA were prepared for the Z-scan measure-
ments; using aqueous solution of zinc nitrate hexahydrate (Zn(NOs)26H20)
and hexamethylenetetramine (HMTA)((CHz)gNy). The synthesis procedure
was discussed in the previous chapter. The extracts of the red beetroot were
obtained from fresh biological materials, pigments can be water extracted and
slight acidification of the extraction medium enhances the betacyanin stability
and avoids oxidation. The pigments extracts must be protected from direct
light exposure should be kept in cool place. Dye extracts have been optically
characterized by measuring maximum absorptivity at about 535 nm, using a
UV /Vis spectrophotometer (Jasco V-570 UV /VIS/IR.)

To determine third order non linear optical characteristics of samples such
as non linear absorption , the single beam Z-scan technique proposed and
demonstrated by Sheik-Bahae et al[4],was employed. The details of which is
already discussed in chapter 4. To avoid sedimentation of nanocrystals, the
solution was centrifuged and washed several times and finally embedded into
the polyvinyl alcohol solution and developed the free standing films of thickness
around 80um were developed (Plasto Mek, delta.0.2kW, 230V, 1 phase), which
were used as samples. The transmission of a laser beam that changes near the
focal point during the sample translation along the propagation path through
an open-aperture (OA) was measured. A Q-switched Nd: YAG laser (Spectra
Physics LAB-1760, 532 nm, 7 ns, 10Hz) was used as the light source.

6.4 Results and discussions

The linear absorption spectra of ZnO crystals in PVA, betanin doped crys-
tals in PVA and betanin in PVA are shown in the following figures 6.1 and 6.2.
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In the linear absorption spectra of betanin natural dye, the peak around 535
nm is attributable to betanin.
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Figure 6.1: The UV-VIS absorption spectrum of the ZnO nanoplates/ PVA
and dye doped nanoplates/ PVA composite film (b) corresponding of betanin/
PVA (c) that of ZnO nanoflakes/ PVA

The nonlinear absorption was measured from the normalized energy trans-
mission using Z-scan without an aperture. Figure 6.3 shows the plot related to
open aperture Z-scan experiment in betanin films at resonance wavelength of
532 nm with different input fluence. When the sample is away from the focus,
the weak intensity cannot induce any nonlinearity, and have unit transmittance.
As the sample is moved towards the focus, the transmittance acutely decreases
with increasing light intensity to less than unity, resulting in induced absorp-
tion [5]. The data is analyzed using the procedures described by SheikBahae
et al. for a two-photon absorption (TPA) process.
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Figure 6.2: (a) The UV-VIS absorption spectrum of the ZnO DBI micro-
rods/PVA and dye doped DBI micro rods/PVA composite film (b) that of ZnO
simple microrods/PVA.

In general, induced absorption can occur in nanoclusters and in betanin
natural dye, due to a variety of processes such as excited state absorption, two-
photon absorption, interband and intraband transitions and nonlinear scat-
tering.[6,7] The theory of two photon absorption process fitted well with the
experimental curve, indicating that TPA is the basic mechanism for induced
absorption. To estimate the role of betanin in ZnO crystals, we also per-
formed open aperture Z-scan measurement on betanin alone and betanin doped
ZnO/PVA. No obvious non linear absorption effect was found for PVA alone
[8].At the resonant wavelength of 532nm, the optical non linearity increases
with the input fluence. Figure 6.4 to figure 6.7 shows the combined open aper-
ture curve for the ZnO samples /PVA sample and the effect of betanin on the
ZnO/PVA.

We assume the -COOH on the five membered rings to be the most acidic
of the three carboxylic acid groups on Betanin. Surprisingly, due the acid
treatment the RSA behavior of the nanoplates switched to SA at input fluence
of 319 MW/cm? and 363 MW /cm? and again the increase of the fluence the
RSA behavior was retained[9,10]. From the non-linear optical behaviour of the
controlled morphologies of ZnO, it is clear that the influence of dye diminishes
at higher fluencies. The observed switch over behaviour could be due to the
bleaching of the ground state band, i.e., in the case of the intraband transition,
the ground-state electrons are pumped to the excited-state. Moreover, the
observed switch over behaviour of ZnO rods is due to confinement structure
formed by the hexagonal boundaries of the rods and due to the multi photon
absorption or by the consecutive absorption of two or more photons from the
organic dye species. This can be thought of, as some types of confinement of
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Figure 6.3: Open aperture Z scan curve of betanin/PVA composite film at
different input fluences

radiation are more in rod shaped structures. We consider that they can both
confine an externally launched light into its cavity structure formed by the
hexagonal boundaries, and undergo multiple total internal reflections from the
hexagonal facets, which provides an enhanced effective optical path length to
confine the light and increases the communication between the excitation light
and ZnO [11]. The proof of such confinement was depicted in the previous
chapter.

The intercalation of organic component (dyes) into the matrix can dramat-
ically influence the micro/nano structures of inorganic oxides, which providing
a method for the design of technologically important novel materials and their
non-linear response depends on the types of the aggregation of the individ-
ual molecules (monomers) (either J- aggregates: head-to-tail orientation or H
aggregates: parallel orientation) and they coherently respond to optical ex-
citation. In such an environment, the number of excited state deactivation
pathways that are available for return to the ground state after photo excita-
tion is substantially high as the ground state recovery is depend not only on
the intrinsic properties of the individual molecules but also on their aggregates.
The light induced processes of the dye molecule make a shielding effect to the
semiconductor. This physical necking effect of the photoactive dye molecules
will modify the physical and chemical processes of the excited states. Besides
this physical necking, the dye molecules try to fit inside the internal cavities
of ZnO which enhances the trapping of electrons within the cavities just like
ship-in-a-bottle[12] and reveals a complex chemistry at the organic - inorganic
interface. This effect is stronger in the case of one dimensional structure. The
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laser induced heat play another crucial role in their non-linear response. The
laser induced heat causes an increase in the kinetic energy given to the dye
molecules which are held together by hydrogen bonds ,making them vibrate an
eventually breaking the bonds. As the temperature increases however, they no
longer function properly.The schematic representation of occurred processes in
the betanin-ZnO hybrids is shown in figure 6.8.

Figure 6.8: Schematic representation of the occurred processes in betanin
-Zn0O hybrids

Due to the high power irradiation, it is likely that irreversible photo bleach-
ing of the dyes within the polymer matrix would result and the dyes may un-
dergo intersystem crossing (ISC) to the long lived triplet sate, then chemically
react with surrounding polymer environment. The dye degradation still occurs
through the higher intensity of irradiation, but not the host matrix. The light
absorption in betanin excites 7 electrons of the pigment chromophore to a more
energetic state (7 *), increasing reactivity or lowering activation energy for the
molecule[13].It is possible that the presence of other compounds than the dye
itself, e.g., sucrose, can affect the optical non linearity , if it is not a highly
purified extract. Irreversible damage induced by the input pulses is also the
another factor. The outstanding optical properties of these composite films are
due to their inorganic-organic hybrid nature.

An enhancement of the gain in ZnO crystals: PVA matrix is observed on

120 International School of Photonics



Nonlinear optical characterization of bio-inspired hybrid materials

01—0Tx 698'C VAd/spoiommu
01=01%C%99°0 VAd/urueseq,/sporosoru
01=0Tx CEV'C VAd/sereidoueu
01-0T%LC0L'T VAd/utuelaq /sajerdoueu
01—0TxL88°T VAd/soxepgoueu
01=0Tx LVE'T VAd/unrejoq /soxegoueu
01=0T%x¥298°C VAd/spoiommu g
01-0Tx919°T sporommr YA J/urwe3aq/qgq
01=0Tx168°T VAd/uruejoq

n°s9 (X) Wy Jo onfea oBeIoA®

SWIY SnoLeA Jo n'so (X) Wy Jo onfea 98eIoae oy, :g 9 o[(R],

6'0FeC T spolootur podop oAp
LTFG6T SpoJo.orur
G 0F¢ sojerdouru podop 9Ap
CF ¥ sojerdouru
G0 F GG soxegoueu podop 9Ap
ST+ S0V Sseyegouru

70 F8'€E sporomIm g(q padop 24p

€9'9 SPOIOIOTW (]
IFLET urue)oq
(MD/w) ¢

SUI[Y SNOLIeA JO sanfea ¢ oy J, :1'9 9[qR],

International School of Photonics

121



Nonlinear optical characterization of bio-inspired hybrid materials

the addition of the betanin. This is attributed to the visible transition of be-
tanin which is well described as a HOMO—LUMO excitation from the aromatic
ring to the matrix. The pump beam (532 nm) will excite both dye and crys-
tals by one photon and two photon absorption respectively. We assume that
betanin and ZnO crystals form a complex making an additional energy level
which saturates the absorption at higher intensity, but on further increase of
intensity the complex will absorb more leading to induced absorption. Further
pump power increases, RSA will become SA and again switching back to RSA
is observed. The excited dye molecules transfer their energy to the nanoplates
leading to the intraband electron excitation causing ground state bleaching at
input fluence up to 363 MW /cm? leading to saturable absorption, but further
increase of intensity the behavior switches to induced absorption. The change
over in the sign of the non-linearity is due to the interplay of the exciton bleach
and optical limiting mechanisms. Switchover from SA to RSA on increase of
the input intensity has been observed in various materials under nanosecond
and picoseconds pulse excitation [14,15,16]. The estimated values of 8 (m/GW)
and Im (x3) of various films are tabulated in table 6.1 and 6.2.

In the present case the irreversible damage induced by the input pulses
and the presence of sucrose are supposed to play the significant role in the
observed transition from SA to RSA on increase of input fluence. Therfore,
the role of instantaneous two photon absorption in non linear effect observed
at the intensity above 363 MW /cm? is significant. In figure 6.5 (a & b)the the-
oretical fit give the saturation intensity [,=0.199 MW /m? and 1.046 MW /m?
respectively. Results of the present study provide additional mechanism for
gain enhancement.

6.5 Conclusion

e In summary, Z scan experiments have revealed interesting features of non
linear absorption properties of betanin doped ZnO embedded in PVA at
532 nm excitation.

e The betanin plays the important role in the non linear optical behavior
of ZnO.

e As evidenced by the structures of ZnO, the component of organic mate-
rials is not simply “clay” (i.e. physical necking) and exerts a pronounced
influence on the structure. The trapping of electrons within the cavi-
ties of these composite oxide materials belies a simple “ship-in-a-bottle”
approach and reveals a complex chemistry at the organic - inorganic
interface.

122 International School of Photonics



Nonlinear optical characterization of bio-inspired hybrid materials

e Due to the simultaneous occurrences of non linear processes this system

6.6

can be made use of in developing various photonic devices.
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Chapter 7

ZnO crystals for dye
sensitized solar cell
applications

7.1 Abstract:

Performances of dye sensitized solar cells (DSSC) based on betanin natural
dye with various photoanodes on transparent conducting oxide glass have been
investigated. Moreover, the influences of various electrolytes have been stud-
ied. Cell efficiency of 2.99% and overall photon to current conversion efficiency
of (IPCE) 20% were achieved using ZnO nanosheet (NS) electrode with iodide
based electrolyte in acetonitrile (ACN) solution. To enhance solar harvest-
ing in organic solar cells, uniform sized metal nanoparticles (NP) (gold (Au))
synthesized via microwave irradiation method were incorporated into the de-
vice consisting of ZnO NSs. Enhanced power conversion efficiency of 1.71%
Zn0O/Au nanocomposite was achieved compared to the 0.868% efficiency of the
bare ZnO NPs DSSC with ferrocene based electrolyte. We also report het-
erojunction DSSC using ZnO composites synthesized through a simple facile
two step solution growth method using pre-existing textured ZnO, ZnS, CdS
and TiOg seeds and also a ZnO DSSC decorated with highly conducting and
chemically stable titanium nitride (TiN) NPs.

Result of this chapter is accepted in
e Aparna Thankappan, Divya S, Anju.K. Augustine, Girijavallaban C.P, Radhakrishnan P, Sheenu

Thomas, V.P.N. Nampoori “Highly efficient betanin dye based ZnO and ZnO/Au Schottky
barrier DSSC” Thin solid films
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7.2 Background

As the world is becoming more progressive in technology and economy,
more energy is being consumed to keep up with the development and the de-
mand on energy has boomed over the past years. The reduction of petroleum
resources in this century and raising awareness of environmental change caused
by the combustion of fossil fuels make nations and public reconsider the im-
portance of exploring renewable energy sources. The results of the 2013 WEC
(World Energy Council), World Energy Resources survey show that there are
more energy resources in the world today than 20 years ago, or ever before.
Solar energy is the most abundant permanent energy resource on earth and it
is available for use in its direct (solar radiation) and indirect (wind, biomass,
hydro, ocean etc.) forms. The supply of the energy from the Sun to the Earth is
3*10%* joules a year [1]. Even if only 0.1% of this energy can be converted at an
efficiency of only 10%, it would be four times larger than the total worlds elec-
tricity generating capacity of about 5000GW [2]. Therefore, solar photovoltaic
technology has received considerable attention as a potentially more secure sus-
tainable energy source. The spectrum of the solar light that reaches the earth is
influenced by absorption of radiation in the earths atmosphere and also by the
path length of the photons through the atmosphere. Figure 7.1 shows the solar
irradiance and photon flux at an air mass of 1.5 (AM1.5G) [3]. The AM1.5G
spectrum corresponds to an angle between the incident solar radiation and the
zenith point of the measurements of 42°, and integrates to 1000 Wm~2. The
photon flux is important in determining the number of electrons that are gen-
erated, and the current produced, from a solar cell. The region between 400
and 1100 has the maximum photon density in the AM 1.5 solar spectrum. A
material that can absorb sunlight between 400 and 1000 nm would be the ideal
absorber. Silicon solar cells accomplish this task, because silicon’s bandgap is
1.1 eV. Silicon solar cells small bandgap allows it to absorb light up to 1100 nm.
While silicon-based technologies have been developed to harness solar energy
efficiently; they are not yet competitive with fossil fuels mainly due to the high
production costs. It is an urgent task to develop much cheaper photovoltaic
devices with reasonable efficiency for widespread application of photovoltaic
technology. In this context, dye sensitized solar cells (DSSCs) have emerged as
an important alternative to conventional silicon solar cells.General comparison
between semiconductor based solar cells and DSSC is presented in table 7.1.

By the successful combination of porous nanocrystalline TiO, electrodes
and novel Rubipyridl complex, Gratzel and his co-workers developed a solar cell
to imitate photosynthesis -the natural processes plants convert sunlight into en-
ergy, with energy conversion efficiency exceeding 7% in 1991 [4] and 10% in 1993
[5]. In order to achieve efficient light harvesting charge separation and trans-
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Figure 7.1: Solar irradiance and photon flux at AM1.5G illumination

port, the choice of nanostructured oxide and corresponding TCO films becomes
a critical issue in cell design [6]. In DSSC, charge separation is accomplished
by kinetic competition like in photosynthesis leading to photovoltaic action.
The monolayer of organic dye in DSSC replaces chlorophylls (light absorb-
ing pigments), the wide bandgap nanostructured semiconductor layer replaces
oxidized dihydro-nicotinamide-adenine-dinucleotide phosphate (NADPH), and
carbon dioxide acts as the electron acceptor. Besides, the electrolyte replaces
the water whereas oxygen as the electron donor and oxidation product, re-
spectively [7,8].The research activity as well as the industrial attention in this
technology is growing fast.

Ruthenium- containing metalorganic complexes have been favoured in DSSCs
due to their strong absorption of visible light, favourable spatial separation of
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) and their ability to get repetitively oxidized and reduced
without degradation[9]. The best reported devices of this class which con-
vert solar energy to electrical energy has an efficiency of 10-11% [10-12]. Re-
cently, the efficiency of DSSCs has improved to 12.3% by the combination of
co-sensitization of porphyrin dyes and a cobalt-complex redox mediator[13].
However, synthetic dyes have offered problems as well, such as complicated
synthetic routes, whereas natural dyes are more organic, or better for the en-
vironment, or safer to use, than synthetic dyes. Due to their cost efficiency,
non-toxicity and environmental benefits, DSSCs based on natural dyes have
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been at the center of intense research. Great efforts are directed towards in-
creasing the efficiency by reducing the cost further and by making the price
comparable to traditional energy resources.

Natural pigments from plants such as chlorophyll [14], anthocyanin [15]
have been extensively examined as sensitizers for the DSSC. Betalains are a
class of vegetal pigments, have favourable light absorption, existing in nature in
association with various co-pigments such as the betalamic acid, indicaxathin,
betanidin. These modify their light absorption properties and are capable
of forming complex metal ions, possessing the requisite functional group (-
COOH) to bind also to ZnO [16]. Although the betalain dyes fulfil the cri-
teria mentioned above, they have not been suitably studied as dye sensitizers
[17,18,19,20]. The betalain pigments comprise the red-purple betacyanin, be-
tanin (I) and betanidin (IT), with maximum absorptivity at Ap.. about 535
nm, and the yellow betaxanthins with A4, near 480 nm [17,21]. Within these
2 categories, many subcategories are also present [22].

7.3 Working principles of DSSC

The major charge transfer and transport processes of a DSSC are depicted
in figure 7.2.[23]. Under illumination, the incoming photon is absorbed by the
adsorbed dye molecules on the surface of the semiconductor which happens via
the excitation between the electronic state of the molecule. Photon absorption
induces an electronic transition between the HOMO and LUMO of the dye
(S°-S*,route 1), and then the ultrafast electron injection into the conduction
band of semiconductor photo-electrode (route 2) takes place on a picoseconds
timescale leaving the dye molecule to an oxidized state, ST, which means it
has one less electron than earlier case. The electron transfer mechanism is
strongly dependent on the electronic structure of the dye and the energy level
matching between the excited state of dye (LUMO) and the conduction band of
semiconductor i.e. the LUMO level is slightly above the conduction bad edge of
the semiconductor and the HOMO level is slightly below the chemical potential
of the redox pair in the electrolyte. There are two important back reactions in
DSSC.One is recombination with the conduction band electrons with S*(route
3) which occurs on microsecond time scale. It is noted that the reduction
rate of the oxidized dye (ST) by I™(route 7) is also very fast, occurring on a
nanosecond timescale, which can compete well with the back-reaction (route
3)to ensure the collection of photoelectrons by back-contact. The other is the
recombination of conduction band electrons with I3+ in the electrolyte (route
4). The electron transport in the semiconductor to the back-contact (route 5)
occurs on a millisecond to second timescale.
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Figure 7.2: Major charge transfer and transport processes of a DSSC

The I is regenerated in turn at the CE (route 6) by the reduction of Iswith
electrons which are transferred through TCO back contact layer by diffusion.
The diffusion of electrons have been related to the series of hopping of elec-
trons via the surface traps of different depths. These electron traps are the
localized energy states lying below the conduction edge of the semiconductor
and play a crucial role in the charge transport. The trapping of electrons may
be the pathway for the recombination resulting in the photocurrent losses and
the photovoltage losses for kinetic reasons [24].

Solar energy harvesting is a comparative fledged technology for outdoor
applications. For indoor applications it is necessary to note that the efficiency
of the cell is very low as of its low light luminous intensity which is less than
10 W/m? as compared to 100-1000 W/m? under outdoor conditions depending
on the type of light source and distance.

7.4 Experimental details

The materials and reagents used for device fabrication was explained in
chapter 2. The electrical characteristics (J-V) of the prepared solar cells were
examined by using a standard solar irradiation of 1000W Xenon arc lamp as
light source. The cell surface was exposed to light through a water column.
The input intensity was measured using a light meter (metravi 1332). The
incident light intensity in the range 4200 - 8000 Lx (6 W/m?2-12 W/m?) was
measured and then converted into W/ m? using the simplified relationship
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1 Lx = 1.46 mW/m? ( Ix is the SI unit of lux) [25,26]. Incident monochromatic
photo-to-current conversion efficiency (IPCE) measurements were carried out
using small band-pass filters to create monochromatic light.

In this chapter, we focus our attention on DSSC using betanin extracts from
red beets as light-absorbing material with a variety of working electrodes and
is divided into five sections. The first section deals with the effect of electrolyte
with different ion composition onto the bare nano ZnO based DSSC. The sec-
ond section deals with performance enhancement of ZnO based dye-sensitized
solar cell decorated with highly conducting and chemically stable titanium ni-
tride (TiN)nanoparticles. This enhanced efficiency is due to the strong physical
necking network formed by TiN and the electron accumulation from the inter-
connected TiN nanoparticles and may also be due to the partial formation of
Zn0O-TiO5 composite. The third section discusses the cell performance of con-
trolled morphologies of ZnO through single step wet chemical method. In the
fourth section we discuss the use of gold (Au) NPs in a DSSC based on ZnO to
improve the device performance. Here we explore the charge transfer process
in a ZnO/Au nanocomposite photo electrode for DSSC application. In the
last section, we compare the performances of different heterojunction DSSCs.
Parameters such as sulphur doping, morphology, energy barrier were found to
affect the cell performance.

7.5 Results and discussion

7.5.1 Effect of electrolyte

We have used different ion compositions as the redox electrolyte: they are
e (0.3g iodine and 1.0g potassium iodide in distilled water.

e (.3g iodine and 1.0g potassium iodide in acetonitrile with a motivator of
0.5M 4- tert-butylpyridine (4-TBP).

e (0.05M ferrocenium hexafluorophosphate mixed with 0.1M ferrocene and
0.5M tert-butylpyridine in acetonitrile.

e (0.3g iodine 1.0g potassium iodide and 0.5M 4-TBP was dissolved into
polyvinyl alcohol solution to give a homogeneous solution and was heated
up to 60°C to accelerate the polymerization. After 1hr a polymer gel
electrolyte was obtained.

The solar cells with nano ZnO with different electrolytes in the presence
of betanin natural dye were initially prepared in order to study the effects of
electrolyte on the photovoltaic behaviour of the system. Synthesis of nano ZnO
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Figure 7.3: SEM image of ZnO nanostructure

were discussed in the previous chapter. The morphology of ZnO nanostructure
(like nanosheets, NS) was identified by SEM (figure 7.3). The current-voltage
(J-V) data for DSSC containing ZnO NS are shown in figure 7.4 and summa-
rized in table 7.2. In this study, the cells using acetonitrile (ACN) solution
have a higher efficiency of 2.99% than reported [27], and IPCE of 20% was
achieved (figure 7.5). The iodide (Iz) electrolyte in ACN has shown to be the
most efficient organic solvent due to its viscosity (0.34 cp, 25 C)[28] and good
solubility to dissolve organic components and salts, as well as additives in the
electrolytes, along with good long term stability. Because of the easy volatile
and decomposing properties of the organic liquid electrolyte ,we have modified
the liquid electrolyte on the addition of polymer and developed a quasi solid
state DSSC. In the case of PVA based electrolyte E,cqor-Egunro is reduced,
which will affect V,. and J,. and the performance drops down due to the poor
mobility of charge carriers as well as poor wetting ability. Its incomplete pen-
etration into the semiconductor to regenerate the dye plays a detrimental role.
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Figure 7.4: Current density against voltage characteristics of ZnO nanoparti-
cles with different electrolytes (P;,=4.2 K Ix)
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Figure 7.5: IPCE for betanin-sensitized ZnO with ferrocene based and iodide
electrolyte

Even though the iodide based electrolyte showed better J. than ferrocene
based electrolyte, the ferrocene based electrolyte exhibit better V,. and FF
which is attributed to lower charge recombination at the photo electrode. This
Fe?* /Fe?* redox couple does not induce corrosion because it does not interact
with oxygen during the fabrication process [29]. Dye degradation by ferrocene
is a simple one-electron transfer reaction (DT — D + Fc) that does not involve
the cleavage or reformation of chemical bonds or the formation of high-energy
intermediate radical species and has more favourable redox potential than the
two electron I3 /I~ redox system (0.62 V )which should result in a higher open-
circuit voltage(V,.)[30]. The nature of the resonant HOMO—LUMO transi-
tion, vibrations of the aromatic ring and conjugated framework are strongly
boosted by using iodide based electrolyte in ACN. The rate of electron injec-
tion from the dye to the photo anodes was more rapid in acetonitrile than
water. This is because the O atom in water/ethanol had a stronger attraction
to the functional group of the dye than the N atom in acetonitrile [31]. The
combined absorption spectra of different ZnO based photo anodes used in the
following sections is shown in figure 7.6.

7.5.2 Enhanced performance of ZnO based DSSC deco-
rated with Titanium nitride nanoparticles

Titanium nitride (TiN) is an extremely hard, conducting ceramic material
and has different applications, and it is often used to develop electrically con-
ducting layer for the TCO-less DSSC structure [32]. It is also known to oxidize
when it is exposed to air and/or moisture [33]. Above all TiN is capable for im-
proving the optoelectronic property and photo activity of nanostructures and
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Figure 7.6: Different ZnO based photoanodes

many investigations relates the possible use of the TiN as a decorative coating
as its color can approach that of gold [34,35]. By introducing TiN into ZnO, the
oxidation power is certainly reduced (E,eqor - Ey), which changes its electronic
properties. It was reported that substantial amounts of oxygen vacancies exist
in ZnO film, which is helpful to the creation of a filamentary conductive path
with the TiN layer serving as an oxygen reservoir for the annihilation of oxygen
vacancies [36]. The chances of recombination of dye with the electrolyte are
limited by the presence of TiN. TiN grain boundaries provide a rapid channel
for diffusing oxygen in the oxidation process. The N state induced oxygen va-
cancies could greatly affect its optoelectronic properties and subsequently its
photo activity. Considering the features of good electrical conductivity, and
chemical stability we have incorporated it into the ZnO DSSC and studied the
corresponding effects on the photovoltaic with two kinds of electrolytes viz;.
ferrocene and iodide based electrolyte.

TiN is a conducting ceramic material with high electrical and thermal con-
ductivity and considerable resistance to thermal shocks [37] and have high
intrinsic electro catalytic activity[38]. Commercial titanium nitride (sigma
Aldrich, size 50 nm,0.025g) was dispersed into water and was thoroughly mixed.
The obtained TiN NPs paste was covered onto the dye sensitized ZnO NSs.
The obtained ZnO: dye: TiN photoanode was again subjected to an annealing
process. The TEM image of TiN nanoparticles is shown in figure 7.7. The
inter-particle connection of nanocrystalline TiN in the TiN film and the neck-
ing reaction of the small TiN particles with the relatively large ZnO particles
are clearly depicted in figure 7.8(a). The possible electron transfer is also rep-
resented in figure 7.8(b). The absorption spectrum of the ITO/ZnO structure
incorporated with TiN nanoparticles is characterized by a large absorbance
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which is also shown in figure 7.6.
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Figure 7.8: (a) Mechanism for the inter-particle connection of TiN NPs in the
TiN film and TiN NPs with the other dye sensitized nano ZnO in the dye/ZnO
film and (b) possible charge transport of both ZnO/Dye/TiN and ZnO/Dye
photoanodes.

The current voltage (I-V) characteristics of DSSCs shows J. of 0.02 mA /cm?,
V 4 of 0.58 V, FF=0.31and 7 of 0.91% [area of the cell is 0.56 cm?, P;,=2.62
K Ix] with ferrocene based electrolyte. The same is repeated with iodide elec-
trolyte in acetonitrile shows J,. of 0.22mA /em?, V. of 0.11 V, FF=0.50 and n
of 3.072% [area of the cell is 0.42 cm?].The decreased value of current density
is due to the decreased surface area available for dye loading. Again the best
performance was achieved in the iodide based electrolyte.

Upon irradiation on the ZnO/Dye photoanode the electrons from the LUMO
band of the dye are directly transported to the conduction band (CB) of ZnO.
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Figure 7.9: IPCE()) for ZnO/dye/TiN

On the other hand, in ZnO/Dye/TiN it is believed that another way of elec-
tron transfer from the electron accumulation in the TiN nanoparticle tunnelling
to the ZnO and the combined electron transition from both dye and TiN
to ZnO through the physical necking network thereby boosts the efficiency.
Chuan-Pei Lee[39] et al. has reported that the oxide formation from the TiN
nanoparticles through the annealing process i.e partial TiOs nanoparticles can
be derived from the TiN through the thermal treatment which can generate
additional possible composite of TiOs -ZnO providing anchorage for the addi-
tional dye adsorption .TiO2 has similar PH value to that of dye solution [pH of
Ti02=>5.5-6.5,pH of dye=5] and the formation of ion/dye complexes does not
take place. The high FF is attributed to the lower value of interfacial resistance
(TiN/electrolyte interface).The covering of TiN on ZnO improves the property
of electron transfer resulting in 50% FF and exhibit better IPCE than the bare
Zn0O DSSC is shown in figure 7.9.

7.5.3 Controlled morphology

The cell performance of ZnO crystals are shown in table 7.3.During the
electron transport, multiple trapping/de-trapping events indeed occur within
the grain boundaries in all photoanodes and the light confinements may occur
mainly in the case of microrods.

It can be seen that nanoplates and nanoflakes being 2D structures, shows
higher efficiency than the 1D microrods, which may be due to the high photo
catalytic activity of 2DI structures with a high population of polar Zn[0001]
faces [40].

Even though the iodide based electrolyte showed better efficiency than fer-
rocene electrolyte, the latter exhibits better long-term stability as it is corrosion
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Table 7.3: Characterisation of DSSC based on controlled morphologies of

ZnOj;area of the cell in(cm?),P;, (K 1x),Js.(mA/cm?), V,. in V and 1 in%
controlled
morphology

Electrolyte | Area | Py, Jse Voc ff n

Ferrocene 0.48 | 2.62 | 0.001 | 0.25 | 0.23 | 0.02

DB microrods |5 " eN [ 0.81 [ 2.62 | 0.003 | 0.39 | 0.25 | 0.09

nanoflakes Ferrocene 1108 |0.01 0.02 | 0.34 | 0.07

I, in ACN 108 |001 |0.05]|030 |0.19

nanoplates Fer.rocene 0.49 | 4.2 0.01 1.68 | 0.22 | 0.06

I, in ACN | 0.64 | 4.2 | 0.004 | 0.05 | 0.22 | 0.01

. Ferrocene 0.64 | 6.2 | 0.001]0.72|0.17 | 0.02
microrods

I in ACN | 0.56 | 4.2 | 0.001 | 0.22 | 0.20 | 0.01

free. Based on this, hereafter we evaluate the performance of DSSCs only with
ferrocene electrolyte.

7.5.4 Effect of gold nanoparticles

Figure 7.10: TEM image of Au NPs

Metal-doped semiconductor nanocrystallites have attracted much at-
tention, because of their novel effects on improving their photo activity by
changing its photo physical mechanism i.e. the formation of shallow charge
trapping on the semiconductor surface due to the replacement of Zn! by metal
ions and the metal ion introducing could enhance the photocatalytic activity
of ZnO in some cases. Several reports have been previously published in this

138 International School of Photonics



ZnO crystals for dye sensitized solar cell applications

direction [41-44].

When the frequency of the incoming light is in resonance with the collec-
tive oscillations of the electron density i.e. surface plasmons, metal NPs show
a strong enhancement in the local electromagnetic field. As a result, unique
optical properties known as localized surface plasmon resonance (LSPR) have
been observed which are depends on the size, shape, density and local dielectric
environment of the NPs [45].

To enhance solar harvesting in organic solar cells, uniform sized metal
nanoparticles (gold (Au) of ~8 nm), were incorporated into the device. ZnO/Au
nanocomposite photo electrodes have been prepared by wetting 1 g of ZnO with
0.5 ml of colloidal Au NPs. Microwave rapid heating, which is a simple and
quick solution process, was used to synthesize the Au NPs. A 0.5mM aqueous
solution of auric acid (HAuCly) and 3.8 mM aqueous solution of sodium cit-
rate were reacted together in the presence of microwave radiations [46]. After
cooling down to room temperature, products were collected, and characterised
through TEM and these are shown in figure 7.10. The optical absorptions of
ZnO NS on ITO, Au incorporated ZnO on I'TO and betanin sensitized ITO of
the same are shown in figure 7.6. The absorption spectrum of the ITO/ZnO NS
structure incorporated with gold NPs is characterized by a large absorbance
over the measured spectral range and a clear broad peak in the range 380-488
nm, and the observed spectral change (red shift) in this system is attributed to
the plasmon resonance absorption arising from electron deficiency on the gold
surface and the interfacial coupling between the Au and ZnO.

The J-V characteristics of the sandwiched cell structures with both bare
ZnO and gold mixed ZnO were examined. Even though the iodide based elec-
trolyte showed better J,. than ferrocene based electrolyte, the ferrocene based
electrolyte exhibit better V,. and FF attributed to lower charge recombination
at the photo electrode, therefore, these cells are betanin natural dye sensitized
and use a ferrocene based electrolyte and an active area of 0.6 cm? with P;,=
8 K Ix.

Upon illumination with simulated sunlight, the device with ZnO NP mixed
with gold nanoparticles can deliver improved photocurrent was shown in fig-
ure 7.11 and power conversion efficiency improved from 0.868% to 1.71% and
also exhibit IPCE of 14%,which was depicted in figure 7.12,( ferrocene based
electrolyte and an active area of 0.6 cm? with P;,= 8 K 1x). These changes ap-
parently results from the enhanced visible absorption of the active layer via the
high electromagnetic field strength in the vicinity of the excited surface plas-
mons provided by the Au NP embedded to the ZnO NS, leading to an increase
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in the exciton generation. An enhancement over the visible range is related to
the combined effect of betanin natural dye and the LSPR which induce more
photo generated charge carriers.
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Figure 7.11: Current density against voltage characteristics of Au incorpo-
rated ZnO nanoparticles (P;,=8 K 1x)

The formation of Schottky barrier and the possible electron transfer from
the excited dye molecules to the ZnO is schematically represented in figure
7.13. Upon irradiation the electrons from the LUMO band of the dye are
transported to the conduction band (CB) of ZnO through the tunnelling effect
of the thin layer of gold NPs. It is further believed that another way of elec-
tron transfer from the electron accumulation in the Au nanoparticles, raising
their Fermi energy level more closer to the CB of ZnO and a quick transport of
electrons from Au to ZnO through the physical necking network, takes place to
establish charge equilibrium in the system . The electrons transferred to nano
Zn0O are collected at the bottom ITO electrode thereby generating an anodic
photocurrent. The Schottky barrier at the Au-ZnO interface reduces charge
recombination by blocking the transfer of electrons from the ZnO conduction
band to the dye and/or electrolyte thus improving the efficiency of DSSCs due
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Figure 7.12: TPCE betanin sensitized ZnO/Au with ferrocene based electrolyte
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Figure 7.13: Energy level diagram and mechanism of photocurrent generation
in the cell with ITO/ZnO/Au/Dye as the photo anode.

to the large work function of Au (5.1 eV) compared with the electron affinity
of ZnO (4.2 €V)[47]. Normally, when the charge transport was improved the
FF and J,. will be improved simultaneously. But here, the FF decreased from
0.35 to 0.29 which is probably caused by an increase in the resistive loss due to
the increased flux [48,49] and the charge recombination at the photo electrode
coming from the Au nanoparticle agglomeration. These accumulated electrons
recombine with the oxidised dye molecules or with the redox electrolytes be-
fore they can be transfer to the CB of ZnO [50,51]. The presence of carboxylic
groups in the betalain presents together with the higher oxidation potential
boosts the anchoring. The formation of the oxidation product, i.e. melanin
like polymer of cyclo-dihydroxyphnylalanine (DOPA) along with the possible
formation of indicaxanthin and the heat-induced cleavage of betanin into be-
talamic acid may play a crucial role in the cell performance.
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To assess the stability of the assembled cell they have been wrapped in tis-
sue and left for 1 day and for 1 month. Stability of the ZnO/Au nanoparticles
with fresh ferrocene electrolyte was tested by measuring the J-V characteristics
of the ZnO/Au solar cell after 24 h, only negligible changes in the cell perfor-
mance were observed. But for the 1 month dated cell show the photovoltaic
action with very less values of Js. and V,.. Although the efficiencies obtained
with betanin natural dye are below the requirements for the large scale pro-
duction, the results are hopeful and are suitable alternative to inorganic dyes
in DSSC.

7.5.5 Performance comparison of betanin sensitized het-
erojunction dye-sensitized solar cells

Much effort has recently been invested to create new class of nanomate-
rials through surface coating such as core/shell type TiO2/CdS nanowires[52]
CusS/Au nanowires [53] Zn/ZnO nanobelts [54] and through different mixing
morphologies [55-57]; and to develop the dynamic and interfacial properties
of DSSC [58] which could enhance the solar cell conversion efficiency. In this
section, we propose a simple facile two step solution growth method to build
tailored nanomaterials using pre-existing textured ZnO, ZnS, CdS and TiO,
seeds and to construct DSSCs and compare their performance. We have synthe-
sized nanoparticles (NPs) using different methods. The CdS NP ( 28 nm) were
synthesized using the chemical bath deposition technique as described in liter-
ature [59]. Briefly, 1M CdAcy and 1M thiourea is dissolved in distilled water
,using triethanolamine as the capping agent. The NPs are separated from the
medium by centrifugation, washed and then dried at room temperature. The
synthesis procedures of other nanoparticles were discussed in previous chapter.
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Figure 7.14: SEM images of CdS-ZnO composites
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Figure 7.15: XRD pattern of different seed ZnS, ZnO, TiO2 and CdS

The morphological features of ZnO nanostructures deposited on different
pre-existing textured ZnO, ZnS, and TiO; seeds are identified by SEM images
and were shown in chapter 4. With the TiO2 and ZnS seed a new morphology
of nanomaterial appears: vertical microrods and vertical nanorods. In addition
to these structures, randomly distributed nanoplate and nanofibre structure
are also observed in ZnS/ZnO composite. But with CdS nanoparticles we have
obtained honey bee structure with several nanoballs ,which is shown in figure
7.14. The figure 7.15 again shows the XRD pattern of different seeds. Figure
7.16 compares the J-V characteristics of DSSCs based on different morpholo-
gies measured by using 1000W xenon arc lamp and the related physical values,
such as Js. ,Voe, FF, and n which are summarized in table 7.4.
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Table 7.4: Comparison of DSSC based on semiconductor composites with
ferrocene electrolyte

Pin(K Ix) | Jee(mA/cm?) | Voc(V) | FF | n(%)
Zn0O-Zn0O 2.62 0.06 0.07 | 0.46 | 0.48
ZnS-ZnO 0.8 0.01 0.08 1 0.23 | 0.21
CdS-ZnO 0.8 0.09 0.02 | 0.21 | 0.28
TiO2-ZnO 0.8 0.06 0.09 | 0.26 1.2

The performance of cells with ZnO composites can be influenced by the
dye-adsorption capability, light harvesting, sulphur doping and the existence of
energy barrier. To address this issue, the dye adsorption amount of the com-
posites was determined by using the absorption spectra of betanin sensitized
composites. Hence, dye adsorption is not the only factor responsible for the
final conversion efficiency. Self-seeded ZnO based DSSCs showed low efficiency
compared to TiO2-ZnO due to the formation of Zn?* /dye complex by dissolv-
ing ZnO onto the -COOH group of dye,which blocks the electron injection from
the dye to ZnO.

The point of zero charge of ZnO and TiO are reported to be pH =8-9 [60]
and pH =5.5-6.5[61,62], respectively, whereas the pH value for the dye sensi-
tization process is approximately 5, that inactivate some dye molecules and
decrease the efficiency. But for TiO3, has similar PH value to that of dye solu-
tion, the formation of ion/dye complexes does not take place. The open circuit
voltage (Vo) of TiO2-ZnO is higher than that of self-seeded ZnO branched
nanowire even with a small input flux which leads to less charge recombination
that reflects in higher IPCE which was shown in figure 7.15b. This reduced
recombination that occurs in the TiO2-ZnO composite is due to the existence
of energy barrier formed in the TiO2-ZnO interface (work function of ZnO=5.6
eV and that of TiO2=4.8 eV) and due to higher electron mobility of ZnO [68].
The efficiency enhancement in TiO2-ZnO composite is also ascribed to the en-
richment of light harvesting and the reduction of electron back reaction due to
direct conduction path way.

Moreover, a multi-fold enhancement of efficiency in TiO2-ZnO compos-
ites photo anode is achieved in comparison with ZnS-ZnO composites. Due
to hetero-hierarchical structure it is expected that ZnS-ZnO composite show
higher photovoltaic performance, but on the contrary it shows the less effi-
ciency, which may be due to the formation of metal-ion/dye complex, i.e. be-
tween constituents and the carboxylic group of the dye ,that hinders its dye
loading ability.It is assumed that the semiconductor starts to leak electrons
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before reaching the quasi-Fermi level and most of the photons do not fall into
the acceptance cone of the integrating sphere and are scattered out [64] and is
mainly limited to poor dye adsorption. The S atoms in the ZnS layer are able to
fill with the oxygen vacancies on ZnO layer which can reduce the recombination
and the tunneling of electrons from the LUMO energy levels of the betanin dyes
to the conduction band the ZnO and to the ZnS is prevented by the higher band
gap of ZnS. Hence the electrons are confined in the ZnO layer [65]. In the case
CdS-ZnO, the trapping/detrapping events at the semiconductor-electrolyte in-
terface such as intrinsic defect sites (oxygen defects or surface states) and at
the grain boundaries of the porous of honey bee structure reduce driving force
of electrons .This leads to increased scattering and it slows down the electron
transport which increase the recombination with the oxidized dye molecules
and/or redox species, which is obvious from the low V..

We believe that increased photo absorption of CdS-ZnO is the main reason
for the enhancement of conversion efficiency compared with ZnS-ZnO. With
the absorption of sulphur atoms, the formation of new defects or surface state
such as Zn-Cd-S or Cd-Zn-O in the interface region of the CdS-ZnO hetero-
junction improves the conductance leading to the higher photo-current [66]
and higher IPCE (A). The major problem for using CdS as a seed layer is,
the trapping/detrapping events at the grain boundaries of the porous of honey
bee structure reduce driving force of electrons and slows down the electron
transport which can results in an increasing probability of charge recombina-
tion with the oxidized dye molecules and/or redox species, and this is obvious
from the low value of V,..We suggest that great improvement in IPCE ())
results from the sufficient light harvesting in the visible region which arise
from the increased overall surface area Due to the random multiple scattering
within the structure leading to photon localization that increases the proba-
bility of interaction between the dye molecules and photons. Even though we
did not quantitatively measure, we could verify the higher dye adsorption as
the colour of CdS-ZnO was much deeper than the other composites as seen by
naked eye. The absorption and reflection of incident light by the conductive
glass which could reduce the incident light power by as much as 20% [50]may
also be responsible for the higher value of IPCE (A).The higher value of IPCE
(M\)suggests that betanin can inject more than one electron per photon, as be-
tanin is capable of expending up to two electrons without being irreversibly
oxidized [67].The absorbed two electrons per photon would explain how recom-
bination could limit the maximum attainable photo voltages despite the high
photo-currents obtained. The sulphur atoms can diffuse into the inner part of
the ZnO,resulting in a sulphur doping effect in ZnO, this sulphur doping could
be considered for the conductance enhancement. Another factor is the electron
injection from the ZnO to CdS through the staggered gap (for ZnO E;=3.37 eV

145 International School of Photonics



ZnO crystals for dye sensitized solar cell applications

and for CdS E,= 2.42 eV at 300K). In addition multiple scattering is responsi-
ble for the higher IPCE in CdS-ZnO which may be due to the lasing emission
on the composite. We assume that the betalain derived melanin adsorbed on
the TiO2-ZnO film is very stable.

7.6 Conclusion

e Dye-sensitized solar cells with a ZnO/Au nanocomposite as the photo-
electrode were successfully fabricated and their performances were com-
pared with the bare ZnO NS DSSC and the effect of electrolyte with
different ion composition onto the bare ZnO NSs has also been discussed.

* The photochemical performance of DSSC with NS based photo an-
ode with ferrocene based and iodide in acetonitrile solution exhibit
better efficiency of 0.868% and 2.99% with a small input power of
few K Ix.

e In our investigation,DSSCs with the additions of TiN nanoparticles ex-
hibited considerably higher solar to-electricity conversion efficiencies than
the corresponding DSSC without these additions.

* This enhanced efficiency is due to the strong physical necking net-
work formed by TiN and the electron accumulation from the inter-
connected TiN nanoparticles.

* The partial formation of TiOs through the thermal treatment of
TiN may generate additional possible composite of TiOg -ZnO
which can provide anchorage for the efficiency enhancement.

e We were compared the cell performance of controlled morphologies of
ZnO.

e To enhance solar harvesting in organic solar cells, uniform sized metal
nanoparticles (gold (Au) of ~8 nm) synthesized via microwave irradiation
method were incorporated into the device consisting of ZnO NSs.

* We found that, incorporation of Au NPs led to enhanced power
conversion efficiency from 0.868% to 1.71% and IPCE of 14% with
ferrocene based electrolyte.

* The formation of the Schottky barrier at the ZnO/Au interface and
high optical absorption of ZnO/Au photo electrodes arising from
both surface plasmon resonance of Au NPs and high dye intake are
the reasons for the enhanced efficiency.
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e Different heterostructures ZnS-ZnO, CdS-ZnO, TiO3-ZnO were synthe-
sized through a simple two step growth method and to serve as photo
anode of DSSCs.

* The DSSC with the TiO5 - ZnO composite structure exhibited a
significant increase in cell performance and IPCE compared with
other composites.

Parameters such as sulphur doping, morphology, energy barrier
were found to affect the cell performance.

* This study provides a facile method to tailor the morphologies of
nanomaterials and to prepare the nanocomposite photoanodes of
solar cells, and gives some insights about the cell performance.
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Chapter 8

Summary and scope for
future works

8.1 Abstract:

This chapter concludes the thesis by summarizing the research work and
presenting the future scope based on this work.

8.2 Summary

This thesis reports on the potentiality of betanin natural dye and their
composites with controlled morphologies of ZnO in the field of nanophotonics
in general and in nonlinear optics and photochemical solar conversion specifi-
cally.Based on the experimental results and discussions elaborated in the chap-
ters 3-7, a few conclusions can be drawn for this thesis work:

Very simple wet chemical methods are used to synthesize ZnO samples.
The parameters that can affect the growth of ZnO were investigated in chapter
3. The optical absorption and fluorescence spectroscopy are used to charac-
terise ZnO crystals. The as synthesized ZnO crystals have potential photonic
device applications.

Polymer nano/micro composites are attracting considerable interest in poly-
mer science research. Incorporation of different nanostructures into polymers
significantly enhances their mechanical, thermal and optical properties. Bio-
based materials have gained large interest as they are environmental friendly
and renewable.
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The nonlinear optical properties of natural dyes and natural dye based com-
posites are becoming a subject of numerous investigations in very recent years
due to their unique photonic applications. The potentialities of betanin natural
dye in the field of nanophotonics and in nonlinear optics is also reported. The
linear optical properties of betanin natural dyes: dye sensitized solar cells were
also studied in this thesis.

The next stage in this work was to investigate the nonlinear optical proper-
ties of the ZnO composites, betanin natural dye and bio-inspired hybrid mate-
rials (betanin-ZnO). The third order nonlinearities of these samples have been
characterized to assess their suitability for applications in photonics. The nat-
ural dye reinforcements with the biodegradable polymers have a high potential
for the design of environmentally friendly green materials for the future appli-
cations.

The next stage in this work was to bring the knowledge gained from previ-
ous two chapters and was studied the bio-inspired hybrid materials (betanin-
ZnO) for photonic applications through nonlinear optical studies. Hybrid com-
posites present a paramount advantage for miniaturization, multifunctional-
ization of devices and opening a land of opportunities for applications in the
field of photonics. Looking to the future, there is no doubt that these new
generations of hybrid materials will open a land of promising applications in
many areas: optics, electronics, energy, environment, biology, functional smart
coatings, fuel and solar cells, catalysts and sensors, etc.

The final stage was to integrate the ZnO crystals into DSSC under low light
conditions.

8.2.1 Major findings:

e We were successful in synthesizing ZnO crystals with different morphol-
ogy through simple, low temperature wet chemical method.

e It was found that the growth duration plays a crucial role in the face
orientation of ZnO crystals and the precursor concentration and temper-
ature have no obvious influence on the morphology but only affect the
size slightly.

e The room temperature photoluminescence of ZnO structures exhibit UV
and visible emission depending on the morphology.

e The optical limiting enhancements in ZnO nanoplates and nanoflakes
were mostly contributed from the interfacial interaction between the
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structure and the local-field enhancement in addition a one photon as-
sisted energy transfer from the excited state to the nearby trapping sites.

e The rods can confine an externally launched light into its cavity struc-
ture, which provides an enhanced effective optical path length to confine
the light show perfect switching behaviour.

e The solvent modified the linear absorption spectra and nonlinear behav-
ior of betanin natural dye.

e We observe a change over in the sign of nonlinearity due to the interplay
of exciton bleaching and optical limiting mechanisms. Light confinement
effect, physical necking effect and ship- in-a bottle effect play crucial
roles.

e The photochemical performance of DSSC with NS based photo anode
with ferrocene based and iodide in acetonitrile solution exhibit better
efficiency of 0.868% and 2.99% with a small input power of few K Ix.

e We found that, incorporation of Au NPs led to enhanced power conver-
sion efficiency from 0.868% to 1.71% and IPCE of 14% with ferrocene
based electrolyte.

e The DSSC with the TiO2-ZnO composite structure exhibited a signifi-
cant increase in cell performance and IPCE compared with other com-
posites.

e In our investigation, DSSCs with the additions of TiN nanoparticles
exhibited considerably higher solar to-electricity conversion efficiencies
than the corresponding DSSC without these additions.

Low efficiency and low stability are the major challenges for the commer-
cialisation of DSSCs. The factors affecting for the low efficiency and stability
of DSSCs are

e poor performance of dyes in the NIR region,

e poor contact between the electrodes,

e low volatility and high viscosity of electrolytes,

e degradation of electrolyte properties due to UV absorption of light.

There are different factors to improve the performance of DSSCs. The
improvement in the morphologies of semiconductor to reduce the dark cur-
rent, developing low volatile and less viscous electrolytes to improve the charge
transfer rate and use of additives for dyes and electrolytes that enhance their
properties .These can be recommended in order to enhance the efficiency and
stability of DSSC.
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8.3

Scope for the further study

Based on the substantial experimental results, scientific discussion pre-
sented and conclusions drawn from this work, several potential directions for
future research are highlighted below:

The nonlinear optical properties of different natural dyes and dye mix-
tures

The natural dye itself is not necessarily fluorescent. The laser induced
fluorescence behaviour of dye molecules.

The nonlinear optical behaviour of the natural dye in powder form

The ZnO thin film sensor is a promising candidate for the sensor develop-
ment and the ability to integrate with MEMS and IC based technology.

Future results will be directed towards using various natural dyes and
dye mixtures for the photonic applications including DSSC.

The optimisation of quantum dots on ZnO can be studied for the pho-
tovoltaic applications.

Multi hetero junction DSSC can also be studied for the photovoltaic
applications.

Temperature dependant studies on the performance of DSSC to under-
stand the dynamics of thermal induced processes.

Optimisation of electrolytes

Our research focussed primarily on the natural dye incorporated ZnO
composites for photonic device applications especially for DSSC, but did
not determine the stability of the DSSC performance over an extended
period of use. Although, DSSCs sensitised with betanin natural dye
achieved better efficiency, it is unknown how long this performance will
last. In order to analyze the commercialization of DSSC, the durability of
the DSSC must be determined. Additional experiments should examine
whether the performance of the DSSCs changes in natural sunlight.

ok ok okok ok ok ok
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optical properties ZnO nanoplates embedded in polymeric matrices

Aparna Thankappan,’2? Sheenu Thomas,' and V. P. N. Nampoori’
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In this article, we have investigated the effect of betanin natural dye extracted from red beetroot
on nonlinear optical properties of ZnO nanoplates embedded in polymeric matrices through the
Z-scan technique using an Nd: YAG laser (532nm, 7ns, 10 Hz). We observed reverse saturable
absorption (RSA) at 532 nm for dye and ZnO nanoplates. A strong influence on RSA behavior of
nanoplates-PVA matrix was observed by adding betanin natural dye. The influence of betanin on
the nonlinear character of ZnO-PV A system leads to saturable absorption and again to RSA on
increasing input fluence. Such a change over in the sign of the nonlinearity is due to the
interplay of the exciton bleaching and optical limiting mechanisms, and probably due the
presence of sucrose. Theoretical analysis has been performed using a model based on nonlinear
absorption coefficient and saturation intensity. The result of present study gives an additional
mechanism for the gain enhancement in dye doped ZnO matrix. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4768930]

. INTRODUCTION

In recent decades, there has been great interest in engi-
neering and synthesizing different kinds and structures of
solid and liquid media that possess high nonlinear refraction
(NLR) and/or nonlinear absorption (NLA).Optical materials
with large coefficients of reverse saturable absorption (RSA)
and nonlinear refraction can exhibit irradiance-dependent
transmittance and phase shift, which cooperatively limit the
throughput fluence(optical energy per unit of area).! Materi-
als with large optical nonlinearity are key elements in many
areas of photonics and optical technology such as all-optical
switching (optical computer) devices, three dimensional flu-
orescence imaging, and optical limiting. However, most of
the synthesized materials require elaborate preparation pro-
cedures and safety measures, use or generation of hazardous
materials, costly materials, as well as fragile or chemically
unstable structures beyond certain threshold irradiance.
Therefore, we suggest natural dye extracts as environment
friendly, safe, and inexpensive materials, as well as having
high chemical stability during optical excitations with coher-
ent light sources.

Besides anthocyanins, chlorophylls, and carotenoids,
betalains are the most common pigments in the plant king-
dom. These natural pigments from plants have been exten-
sively investigated as sensitizers for the DSSC,” in which red
beetroot pigments maximum conversion efficiency of
0.67%.” Though the former have inherent limitations as sen-
sitizers owing to weak absorption of green wavelengths, the
absorption spectra of the latter have more favorable overlap
with the solar spectrum. The betalain pigments comprise the

Yaparna.subhash@gmail.com. Telephone: 0091-484-2575848. Fax: 0091-
484-2576714.
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red-purple betacyanin, betanin (I), and betanidin (II), with
maximum absorptivity at A,,,, about 535 nm, and the yellow
betaxanthins with A, near 480 nm.*

The structure of betanin is shown in Fig. 1. Betanin,
the red-purple pigment distributed in beets, is the 5-O- f-
glucoside of betanidin. Beetroot is one of the richest source
of betanin, the most studied betalain, was selected as a topic
of the present study because of good colorant yield and the
prominent peak in the visible region of the spectrum for bet-
ter quantitative analysis. Unlike synthetic dyes, these beet-
root based natural dyes are eco-friendly and pose no
environmental problems, which are very important for some
sensitive applications. Determination of second and third
order nonlinearities are of fundamental importance for evalu-
ation of the properties with respect to wave-guiding struc-
tures containing betanin.

The basic absorption processes in dyes can be divided
into linear and nonlinear absorption. Nonlinear absorption is
a phenomenon defined as a nonlinear change (increase or
decrease) in absorption with increasing intensity. This can be
of either two types: saturable absorption (SA) and reverse
saturable absorption (RSA). Depending on the pump inten-
sity and on the absorption cross-section at the excitation
wavelength, most molecules shows nonlinear absorption.
With increasing intensity, if the excited states show satura-
tion owing to their long lifetimes, the transmission will show
SA characteristics. If, however, the excited state has strong
absorption compared with that of the ground state, the trans-
mission will show RSA characteristics. Therefore, it is nec-
essary to identify their nonlinear absorption effects, and to
determine their nonlinear absorption parameters, such as the
saturable intensity for saturable absorber, the TPA coeffi-
cient for two-photon absorbing material. These properties
are commonly defined in terms of intensity dependant

© 2012 American Institute of Physics
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FIG. 1. Structure of betanin pigment.

nonlinear absorption coefficient «(I),which can be written in
terms of linear absorption coefficient o and two photon
absorption coefficient f3 as

a(I) = o+ BL ¢))

In this paper, we report the techniques used to prepare the
betanin natural dye extracts, optical characterizations, and
the effect of betanin natural dye on the optical non linearity
of ZnO nanoplates will be discussed. Also, we are presenting
some of our findings and suggestions. It is well known that
ZnO is a promising material for these applications because
of its large room temperature band gap of 3.37eV and also
the fact that the exciton binding energy of 60 meV should
ensure excitonic survival well above room temperature.’
Therefore it is a suitable candidate for ultraviolet optoelec-
tronic applications.

Il. EXPERIMENTAL METHOD

All chemicals were purchased from Merck Ltd used as
received without further purification. The nutrient solution
was prepared from an aqueous solution of zinc nitrate hexa-
hydrate [Zn (NO3),6H,O] and hexamethylenetetramine
(HMTA) [(CH,)¢Ny4]. The hexamine solution was added to
the zinc nitrate solution drop wise while stirring. Finally, the
solution is kept undisturbed at 80°C for 18h, ZnO nano-
plates (E, =3.33¢V) are formed. The size and morphology
of ZnO samples were characterized by scanning electron mi-
croscopy (JEOL/EO and JSM6390). The X-ray diffraction

J. Appl. Phys. 112, 123104 (2012)

data were collected on an AXS Bruker D% diffractometer
using Cu Ko-radiation (4 =0.1541nm, the operating condi-
tions were 35m A and 40kV at a step of 0.020° and step
time of 29.5s in the 20 range from 30° to 70 °. The extracts
of the red beets were obtained from fresh biological materi-
als, pigments can be water extracted and slight acidification
of the extraction medium enhances the betacyanin stability
and avoids oxidation. The pigment extracts must be pro-
tected from direct light exposure should be kept in cool
place. Dye extracts have been optically characterized by
measuring maximum absorptivity at about 535 nm, using a
UV/Vis spectrophotometer (Jasco V-570 UV/VIS/IR.)

To determine third order nonlinear optical characteris-
tics of samples such as nonlinear absorption, the single beam
z scan technique proposed and demonstrated by Sheik-Bahae
et al.,’ was employed. The transmission of a laser beam that
changes near the focal point during the sample translation
along the propagation path through an open-aperture (OA)
was measured. A Q-switched Nd: YAG laser (Spectra
PhysicsLAB-1760, 532 nm, 7 ns, 10 Hz) was used as the light
source. A 20 cm converging lens was used to focus the laser
beam. The radius of the beam w, was calculated to be
35.4 um. The Rayleigh length, zo = mwo*/4, was estimated to
be 7.4 mm, which is much greater than the thickness of the
sample, and is an essential prerequisite for z-scan experi-
ments. The sample was fixed on a computer-controlled
translation stage, so that it could be accurately moved
through the focal region of the laser beam over a length of
6 cm. The transmitted beam energy, reference beam energy,
and the ratios were measured simultaneously using an energy
ratio meter (Rj7620, Laser Probe, Corp.) having two identi-
cal pyroelectric detector heads (Rjp735). The detected
signals were acquired, stored, and processed by the
computer. Optical density filters were used to vary the laser
intensity at the lens focus. To avoid sedimentation of
nanocrystals, the solution was centrifuged and washed
several times and finally embedded into the polyvinyl
alcohol solution and developed the free standing films of
thickness around 80 um (Plasto Mek, delta.0.2kW, 230V, 1
phase), these films are used as samples.

lll. RESULTS AND DISCUSSION

In order to examine the surface morphology and for
measurement of the dimensions, SEM was used. Typical
SEM image of ZnO nanoplates is shown in Fig. 2(a). The av-
erage thickness of the nanoplates is around 0.4 ym. It can be
seen that all diffraction peaks are caused by crystalline ZnO
with hexagonal wurtzite structure (space group: P63mc;
a=0.3249nm, ¢ =0.5206 nm). The XRD pattern shown in
Fig. 2(b) for nanoplates is found to match with that men-
tioned in JCPDS 36-1451, no characteristic peaks of impu-
rity phases and no diffraction peaks except ZnO were found,
which indicates that only single phase hexagonal ZnO is
present. The linear absorption spectra of ZnO nanoplates,
betanin, and betanin doped ZnO nanoplates free standing
films is shown in Fig. 3. In the linear absorption spectra of
betanin natural dye, the peak around 535 nm is attributable
to betanin.
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FIG. 2. (a) SEM image of ZnO nanoplates
and (b) corresponding XRD pattern.
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The nonlinear absorption was measured from the nor-
malized energy transmission using Z-scan without an aper-
ture. Fig. 4 shows the plot related to open aperture z-scan
experiment in betanin films at resonance wavelength of
532nm with different input fluence. When the sample is
away from the focus, the weak intensity cannot induce any
nonlinearity, and have unit transmittance. As the sample
moved towards the focus, the transmittance acutely
decreases with increasing light intensity to less than unity,
resulting in induced absorption.” The data are analyzed using
the procedures described by Sheik—Bahae et al. for a two-
photon absorption (TPA) process.

The transmitted OA Z scan signal is give by

T(55 = 1) mf% "“0/27 o

where
ol ) = PO 9r% );2” . 3
Legr = [1 —exp (—al)]/, @)

where m is an integer the parameter qy can be obtained by
fitting the experimental results to the Eq. (2), where Z; and Z
are the Rayleigh range and the translated length parallel to

40 50 60 70
20 (degree)

the beam propagation, respectively. I, denotes the intensity
of the incident beam at the focal point.

Experimentally determined nonlinear absorption coeffi-
cient (f§) can be used in finding the absolute value of the third-
order nonlinear optical susceptibility, through the relation,

Im (x(”) = nyc? /2402w (esu), )

where ng is the linear refractive index of the film, c is the ve-
locity of light in vacuum, o is the angular frequency of radi-
ation used, and f§ the nonlinear absorption coefficient. The
estimated average value of Im (') is 1.7027 x 10~ '%esu for
ZnO/betanin/PVA film, 2.432 x 10 '%su for nanoplates/
PVA and 1.891 x 10~ "%su for betanin/PVA film.

When SA is present Eq. (1) modifies to

o(I) = a0/1 + (/L) (6)

If excitation intensity I is less than I, we can consider SA
as a third order process and in such cases —u / I is equiva-
lent to nonlinear absorption coefficient  which will then
give Imy .

In general, induced absorption can occur in nanoclusters
and in betanin natural dye, due to a variety of processes such
as excited state absorption, two-photon absorption, interband
and intraband transitions and nonlinear scattering.® The
theory of two photon absorption process fitted well with the
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FIG. 3. (a) The UV-Vis absorption spectrum of the ZnO nanoplates/PVA and dye doped nanoplates/PVA composite film and (b) corresponding of betanin/

PVA.
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FIG. 4. Open aperture Z scan curve of betanin/PVA composite film at differ-
ent input fluences.

experimental curve, indicating that TPA is the basic mecha-
nism for induced absorption, but the possibility of the higher
order nonlinear process such as free carrier absorption con-
tributing to the induced absorption cannot be ruled out.

To estimate the role of betanin in ZnO nanoplates, we
also performed open aperture Z scan measurement on betanin
alone and betanin doped ZnO/PVA. No obvious nonlinear
absorption effect was found for PVA alone.” At the resonant
wavelength of 532 nm, the optical nonlinearity increases with
the input fluence. Fig. 5 shows the combined open aperture
curve for the ZnO /PVA sample and the effect of betanin on
the ZnO/PVA. We assume the -COOH on the five membered
rings to be the most acidic of the three carboxylic acid groups
on Betanin. Surprisingly, due to the acid treatment the RSA
behavior of the nanoplates switched to SA at input fluence of

J. Appl. Phys. 112, 123104 (2012)

319 MW/cm?and 363 MW/cm? and again due to the increase
of the fluence the RSA behavior was retained. The observed
switch over behavior could be due to the bleaching of the
ground state plasmon band, i.e., in the case of the intraband
transition, the ground-state electrons are pumped to the
excited-state. The excited electrons are free carriers possess-
ing a whole spectrum of energies, both kinetic and potential,
immediately after the absorption the electrons excited relax to
the ground-state through electron—electron, electron—phonon,
and phonon—phonon interactions. Once these electrons are
excited by a pulse close to absorption peak, they do not oscil-
late at the same frequency as that of the unexcited electrons,
thus causing the ground-state plasmon band to bleach or
reduced in intensity, which is almost synchronous with the
primary photon absorption.

The light absorption in betanin excites 7 electrons of the
pigment chromophore to a more energetic state (n*), increas-
ing reactivity or lowering activation energy for the molecule.'®
It is possible that the presence of other compounds than the
dye itself, e.g., sucrose, can affect the optical non linearity of
nanoplates, if it is not highly purified extract and irreversible
damage induced by the input pulses is also the another factor.

An enhancement of the gain in ZnO nanoplates-PVA
matrix is observed on the addition of the betanin. This is
attributed to the visible transition of betanin that is well-
described as a HOMO—LUMO excitation from the aromatic
ring to the matrix. The pump beam (532 nm) will excite both
dye and nanoplates by one photon and two photon absorp-
tion, respectively. The excited dye molecules transfer their
energy to the nanoplates leading to the intraband electron ex-
citation causing ground state bleaching at input fluence up to
363 MW/cm? leading to saturable absorption, but with fur-
ther increase of intensity the behavior switched to induced
absorption. Such change over in the sign of the nonlinearity
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is due to the interplay of the exciton bleach and optical limit-
ing mechanisms. In the present case the irreversible damage
induced by the input pulses and the presence of sucrose are
supposed to play the significant role in the observed transi-
tion from SA to RSA on increase of input fluence.Therfore,
the role of instantaneous two photon absorption in nonlinear
effect observed at the intensity above 363MW/cm? is
significant.

Switchover from SA to RSA on increase of the input in-
tensity has been observed in various materials under nano-
second and picoseconds pulse excitation.''™'® In Figs. 5(a)
and 5(b), the theoretical fit gives the saturation intensity
I,=0.199 MW/m? and 1.0458 MW/m?, respectively, and
two photon absorption coefficient of betanin, nanoplates, and
the dye doped nanoplates embedded polymer are f§=4.37
* 1m/GW, 4 *=2m/GW, and 3 £ 0.5m/GW, respectively
(I, is estimated only for SA and f for RSA). Results of
the present study provide additional mechanism for gain
enhancement.

IV. CONCLUSIONS

In summary, Z scan experiments have revealed interest-
ing features of nonlinear absorption properties of betanin
doped ZnO nanoplates embedded in PVA. At 532 nm excita-
tion, the RSA behavior was observed for both betanin and
nanoplates. After doping of betanin the RSA behaviors of
nanoplates switched to SA and finally to RSA depending on
the input fluence.The saturation intensity and nonlinear
absorption coefficient were estimated by fitting to the experi-

J. Appl. Phys. 112, 123104 (2012)

mental data. The betanin plays the important role in the non-
linear behavior of nanoplates. Due to the simultaneous
occurrences of nonlinear processes, this system can be made
use of in developing various photonic devices.

The author AT acknowledges to IUCND for the finan-
cial support.
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We report on the optical characterization, including linear and non linear, of ZnO nanoplates embedded
in PVA. Nonlinear optical characterization of these films was studied by the Z-scan technique using an
Nd:YAG laser (532 nm, 7 ns, 10 Hz).The studies show that the material is highly nonlinear, have desirable
lower optical liming threshold of 46.86 MW/cm? at pump power of 436 MW/cm? and with negative
refractive index. Therefore, these films with immobilized semiconductor nanoplates appear to be
attractive candidates for optical limiting applications.
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1. Introduction

In recent years, wide-band-gap semiconductor compounds
have attracted a great deal of attention because of the intense
commercial interest in developing practical short wavelength
semiconductor diode lasers for huge market needs [1]. ZnO is a
promising material for these applications because of its large room
temperature band gap of 3.37 eV, and also due to the fact that the
exciton binding energy of 60 meV should ensure excitonic survival
well above room temperature [2].Therefore, it is a suitable candi-
date for ultraviolet optoelectronic applications. For these reasons,
a thorough understanding of recombination mechanisms and its
third order optical non linearity is necessary. ZnO belongs to the
space group P6smc in the II-VI group of semiconductors. It is
normally in the hexagonal (wurtzite) crystal structure, showing
n-type conductivity due to intrinsic donor defects.

Because the structure of ZnO, including the morphology, aspect
ratio, size, orientation, and density of crystal, has great effects
on its properties and applications and is usually influenced by
the preparation techniques, researchers have prepared many
different-shaped ZnO nano structures in order to fit various
applications. So far, prismatic [3], belt like [4], flower like [5],
tubular [6], tower like [7], and plate-like [8] ZnO have been
reported using physical and chemical techniques [9]. However,
the assembly of nanoparticles in matrices is of the major interest
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0030-3992/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.optlastec.2013.03.016

in several optical and sensor applications [10], especially those
requiring large area coating. The common approach to such
materials includes casting of films using the mixture of nanopar-
ticles and polymer and another is inbuilt growth inside the solid
matrix. The former mode of fabrication of films is of interest in the
present study. But to our knowledge, optical non linearity of free
standing polymer film incorporated with plates like ZnO structure
synthesized through simple wet chemical method are the first
time. In this work we are focused on the third order non linear
absorption and refraction properties of ZnO nanoplates.

The basic absorption processes can be divided into linear and
nonlinear absorption. Nonlinear absorption is a phenomenon
defined as a nonlinear change (increase or decrease) in absorption
with increasing intensity. This can be of either two types: satur-
able absorption (SA) and reverse saturable absorption (RSA).
Depending on the pump intensity and on the absorption cross-
section at the excitation wavelength, most molecules shows non-
linear absorption. With increasing intensity, if the excited states
show saturation owing to their long lifetimes, the transmission
will show SA characteristics. If, however, the excited state has
strong absorption compared with that of the ground state, the
transmission will show RSA characteristics. Therefore, it is neces-
sary to identify their nonlinear absorption effects, and to deter-
mine their nonlinear absorption parameters, such as the saturable
intensity for saturable absorber, the TPA coefficient for two-photon
absorbing material. These properties are commonly defined in
terms of intensity dependant non linear absorption coefficient o(I),
which can be written in terms of linear absorption coefficient «
and two photon absorption coefficient g as a(I)=a+pL.The non
linear optical response of the nanoplates/PVA film has been
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experimentally investigated by means of a single beam Z scan
technique. The samples exhibit promisingly large non linear
absorption properties characterized by reverse saturable absorp-
tion (RSA) [11-13]. This makes evaluation of non linear optical
parameters straight forward. Preliminary investigations of the optical
limiting capability of these films appear quite promising. Our
methodology opens up a wide range of possibilities of nanoplates.

2. Experimental method

All chemicals were purchased from Merck Ltd., and used as
received without further purification. The nutrient solution was
prepared from an aqueous solution of zinc nitrate hexahydrate [Zn
(NO3)2,6H,0] and hexamethylenetetramine (HMTA) [(CH2)eNy].
The hexamine solution was added to the zinc nitrate solution
drop wise while stirring. Finally the solution is kept undisturbed at
80 °C for 18 h. The following reactions were involved in the crystal
growth of ZnO [14].

(CH3)6N4+6H,0 — 6CHOH+4NH; (1)
NH3+H,0-NH,*+0H~ (2)
Zn(NOs),+H,0 - Zn?*+2HNO3 (3)
OH™+Zn** - Zn0(S)+H,0 (4)

The reaction decomposes HMT to formaldehyde (HCHO) and
ammonia (NHs3), acting as a pH buffer by slowly decomposing to
provide a gradual and controlled supply of ammonia, which can
form ammonium hydroxide and support OH™ [15]. Finally OH™
anions react with Zn?*cations to form ZnO. To avoid sedimentation
of nanocrystals, the solution was centrifuged and washed several
times and finally embedded into the polyvinyl alcohol [-CH,CH
(OH)"|n solution(15%) and developed the free standing films
(thickness 80 pm) (Plasto Mek,delta.0.2 kW, 230V, 1 phase),this
film is used as samples for the non linear studies. The thickness of
the films was measured using a Mitutoyo Micrometer (series 193).
Here, PVA acts as the matrix for the homogeneous distribution and
immobilization.

The size and morphology of ZnO sample was characterized by
scanning electron microscopy (JEOL/EO, and JSM6390). The X-ray
diffraction data were collected on an AXS Bruker D% diffractometer
using CuKa-radiation (1=0.1541 nm,the operating conditions were
35 mA and 40 kV at a step of 0.020° and step time of 29.5 s in the
26 range from 30 to 70°. The measurement of light absorption at
room temperature was carried out using a spectrophotometer
(Jasco V-570 UV/VIS/IR) and the measurement of fluorescence
emission was recorded using a Cary Eclipse fluorescence spectro-
meter (Varian).

25kV  X2,500 10pm

12 50 SEI

To determine third order non linear optical characteristics of ZnO
nanoplates such as non linear absorption and non linear refraction, the
single beam z scan technique proposed and demonstrated by Sheik-
Bahae et al. [16] was employed. The transmission of a laser beam that
changes near the focal point during the sample translation along the
propagation path through an open-aperture (OA) and a closed-
aperture (CA) was measured. A Q-switched Nd:YAG laser (Spectra
PhysicsLAB-1760, 532 nm, 7 ns, 10 Hz) was used as the light source.
A 20 cm converging lens was used to focus the laser beam. The radius
of the beam wo was calculated to be 35.4 um. The Rayleigh length,
Zo=nwg>/A, was estimated to be 7.4 mm, which is much greater than
the thickness of the sample, and is an essential prerequisite for z-scan
experiments. The sample was fixed on a computer-controlled transla-
tion stage, so that it could be accurately moved through the focal
region of the laser beam over a length of 6 cm. The transmitted beam
energy, reference beam energy and the ratios were measured simul-
taneously using an energy ratio meter (Rj7620, Laser Probe Corp.)
having two identical pyroelectric detector heads (Rjp735). The
detected signals were acquired, stored and processed by the computer.
Optical density filters were used to vary the laser intensity at the lens
focus. The data were analyzed using the procedure described by Bahae
et al. and the non linear coefficients were obtained by fitting the
experimental Z-scan plot with theoretical plots.

3. Results and discussions

In order to examine the surface morphology and for measure-
ment of the dimensions, SEM was used. A typical SEM image of
ZnO nanoplates is shown in Fig. 1(a). The average thickness of the
nanoplates is around 0.4 pm. These nanoplates consist of forests of
tiny crystals, millions of which would fit in a single square
centimeter. It can be seen that all diffraction peaks are caused by
crystalline ZnO with hexagonal wurtzite structure (space group:
P6smc; a=0.3249 nm, c=0.5206 nm). The XRD pattern shown in
Fig. 1(b) for nanoplates is found to match with that mentioned in
JCPDS 36-1451 [17], no characteristic peaks of impurity phases and
no diffraction peaks except ZnO were found, which indicates that
only single phase hexagonal ZnO is present.

The average crystalline size was calculated using Scherrer's
formula [18], was found to be 0.521 um. In Fig. 1(b),the strongest
detected (hkl) peaks are at 20 values of 31.8°, 34.6°, 36.4°, 47.6°,
56.7°, and 62.9°, corresponding to the following lattice planes:
(100), (002), (101),(102), and (110), respectively. The d spacing
along the (101) plane is 2.468 A°.The lattice constants a and c were
determined as a=0.3249 nm and c=0.5206 nm by using following
equation:

1 h? +hk+k*\ P
=3 <7a2 ta ®
dhkl
2500 - -
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2000 nanoplates
20 8|
\.—4 [ ]
§ o] _
- [ -
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Fig. 1. (a) SEM image of ZnO nanoplates and (b) corresponding XRD pattern.
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ZnO is a unique electronic and photonic semiconductor with
band gap of 3.37 eV and a large exciton binding energy of 60 meV.
We performed serious optical studies to evaluate the potentially
optical qualities of ZnO nanoplates. The UV-vis spectrum (Fig. 2
(a)) shows a single absorption peak centered at 374 nm. The direct
band gap of the same is estimated from the graph of hv versus
(ahv)? (Fig. 2(b)) for the absorption coefficient « that is related to
the band gap E; as (ahu)zzk(hu—Eg), where k is the slope of the
Tauc edge called the band tail parameter hv is the incident light
energy [19]. By extrapolating the linear portion of the plot (i.e.,
Tauc extrapolation) to the energy axis gave the optical band gap
value of 3.33 eV for ZnO nanoplates indicating excellent quality of
the sample.

We further carried out the photoluminescence measurement as
the function of wavelength to examine the quality of the products.
As shown in Fig. 3, the spectrum of the products shows no
significant changes. At room temperature, ZnO typically exhibit
UV band edge emission and visible emissions. The nanoplates
exhibit UV peak attributed to the near band edge (NBE) emission
and no defect emission is detected. The detailed emission spectra
of ZnO structure is shown in the Fig. 3. The emission for the visible
light mostly caused by the defects in ZnO is very weak, indicating
good quality of ZnO nanoplates. The enhanced UV emission
indicates that the nanoplates possess high crystalline perfection.

The technique of open aperture (OA) and closed aperture (CA) Z
scan scheme was employed to study the non linear optical
properties of the nanoplates/PVA free standing film with different
input fluence, and were plotted in Figs. 4 and 5. The non linear
absorption and refraction were measured from the normalized
energy transmission using Z-scan without an aperture and with an
aperture respectively. The transmitted OA Z scan signal is give
by [20]

& [~4o(z 0"
Tes=h= % o qpe ©
where
_ Plo(O)Legrzf
qO(Z’ t) - 22 +Z% (7)
1- —al
Lyy = =expal) ®

where m is an integer. The parameter gy can be obtained by fitting
the experimental results to Eq. (6), where Zy and Z are the Rayleigh
range and the translated length parallel to the beam propagation,
respectively. Iy denotes the intensity of the incident beam at the
focal point.

The values of n,, calculated using Eq. (9), are

ny = Cnpi A¢0/4077: ZﬂloLeff (9)
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The Z scan traces are shown in Fig. 4; fits of Eq. (6) to the
experimental data are depicted in the figure by solid curves. The
TPA coefficient (8) can be determined by analyzing the measured
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Fig. 3. Emission spectra of 1 mmol ZnO nanoplates.
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Fig. 4. Normalized transmittance of 1 mmol ZnO nanoplates/PVA composite film as
the function of position for different input fluences in the open aperture scheme at
532 nm. The solid red line shows the theoretical fit. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. (a) UV-vis absorption spectrum of the ZnO nanoplates (b) plot of hv versus (ahv)? for ZnO nanoplates.
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OA Z scan trace. Under the experimental conditions, laser beam
illumination at 532 nm usually corresponds to the two-photon
absorption (TPA) process because the photon energy of the
532 nm laser is within the range Eg < 2hv < 2E,, where hy=2.33 eV
and the optical band gap of nanoplates are 3.33 eV. Experimentally
determined nonlinear refractive index n, and nonlinear absorption
coefficient () can be used in finding the absolute value of the
third-order nonlinear optical susceptibility, through the relation

Im(;((3)) — n%czﬁ/240ﬂ2w(esu) (10)

Re(y®) =ngny /3= (1m

where ng is the linear refractive index of the film, c is the velocity
of light in vacuum, » is the angular frequency of radiation used
and g the non linear absorption coefficient. Z scan traces were
made for four different input power densities and different con-
centrations of sample.

The non linear absorption coefficient calculated from the above
fits shows a dependence on the input fluence and concentration.
We have also studied the behavior of nanoplates by changing the
concentration of sample solution 1.5 mmol (C2) and 2 mmol (C3).
There is no significant shift in the energy band gap evaluated from
the optical absorption spectra. The Measured values of imaginary
part of the third-order susceptibility (Im »*) and optical limiting
threshold at a wavelength of 532 nm for different irradiation
intensities are tabulated in Table 1.

Generally, different processes, such as TPA, transient absorp-
tion, free carrier absorption interband absorption, photo ejection
of electrons and nonlinear scattering, are reported to be operative
in non linear absorption. The hence induced absorption can occur
due to a variety of such processes. The experimental data shows a
slight deviation from the theoretical curve which is fitted for two
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Fig. 5. Optical limiting response of ZnO nanoplates/PVA composite films for
different concentrations at input fluence of 436 MW/cm?.

Table 1

photon absorption. This deviation can be attributed to two photon
induced free carrier absorption which is observed in particles with
larger size [21].

The results of open aperture Z scan studies of samples shows
that the B value is decreased with the increase in concentration of
nanoplates and input fluence. As given in the table the non linear
response of the nanoplates depend on both the pump power and
the concentration. As the power or the concentration is increased,
lowering of the non linear absorption co efficient occurs thereby
diminishing the third order susceptibility, as reported by several
workers [22,23], which can be due to the interplay of the non
linear absorption and one photon assisted energy transfer from
excited state to the nearby trapping site; and the local field
enhancement through the size- and structure-dependent inter-
facial interaction between nanoplates [24].

One of the applications of reverse saturable absorption materi-
als is in devices based on optical limiters, are devices that transmit
light at a low input fluence, while they become opaque at high
inputs. Reverse saturable absorption, which is generally associated
with a large absorption cross section from excited state than the
ground state, brings about optical limiting effects. In semiconduc-
tor materials the optical limiting is governed by TPA are observed
in this study. Semiconductor films with high TPA coefficients and
strong Kerr-induced nonlinear susceptibilities are very good can-
didates due to their small time response as optical limiters of
intense short pulse radiation [25]. As in the case of non linear
absorption the experimental investigation of the optical limiting in
the sample was performed using OA Z scan at different input
power density and concentration.Therefore these films with
immobilized semiconductor nanoplates appear to be attractive
candidate for optical limiting applications. Fig. 5 represents the
limiting response of C1, C2, and C3 at an input power density of
436 MW cm2, the arrow in the figure indicates the approximate
fluence at which the normalized transmittance begins to deviate
from linearity. The limiting threshold at different input fluences
are tabulated in Table 2. As given in the table, the non linear
response of the nanoplates depends on both the input fluence and
the concentration. The increase of the pump power and the
concentration leads to the enhancement of the optical limiting
performance with appreciable limiting threshold at 46.86 MW/
cm? for C3 for higher input fluence due to local field enhancement
inside the plates. This property is desirable for the protection of

Table 2
Measured values of optical limiting threshold for C1, C2 and C3 at a wavelength of
532 nm with different irradiation intensities.

Concentration

Optical limiting threshold at

320 MW/cm? 363 MW/cm? 436 MW/cm?
C1 171124 130.71 91.34
(@] 168.94 127.81 55.97
C3 162.20 49.52 46.86

Measured values of optical bandgap, non linear absorption coefficient (5) and imaginary part of the third-order susceptibility (Im ) at a wavelength of 532 nm for different

irradiation intensities.

Concentration 320 MW/cm? 363 MW/cm? 436 MW/cm? 545 MW/cm?
B (m/GW) Im(*)x107%esu g (m/GW) Im(*)x10"%esu p(m/GW) Im(>)x10"%esu p(m/GW) Im(>)x 10" esu
1 mmol (C1) (E;=3.3 eV) 6.412 2773 49132 21249 4751 2.055 4919 2127
1.5 mmol (C2) (E;=338eV) 5.443 2.3539 4.853 2.099 3.85 1.665 3.239 1.401
2 mmol (C3) (E;=3.36 eV) 5.373 2.323 4.667 2.018 3.598 1.556 2.980 1.288
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sensors and human eyes from being affected by intense laser
radiation.

The curves in Fig. 6 show the CA valley—peak Z scan traces,
indicate the negative non linear refractions due to self defocusing.
The de-focusing effect is attributed to the thermal non linearity,
self-defocusing has been observed in a variety of semiconductors
and has been used to demonstrate optical limiting. To eliminate
the contribution of the nonlinear absorption, the CA traces were
normalized by dividing with the OA signals measured at the same
intensities.

For C1 the estimated average value of Im (%) is 2.2432 x
107"%esu and Re () is —9.1488 x 10~ "% esu and (%) is 9.431 x
107"%esu and the average non linear refractive index is
—44 x 1071° esu. The separation between the transmittance peak
and valley in resultant Z-scan is ~Z,_,~1.7Z;, which indicates
the overwhelming, effects of cubic non linearity. Furthermore, the
negative sign of the nonlinear refraction is consistent with the
Optical Stark effect [26].

4. Conclusion

The present studies of the ZnO nanoplates-PVA system illus-
trate the simple method for the fabrication of free standing
semiconductor embedded polymer films. The optical energy gap
was estimated using the Tauc method. We have examined the non
linear absorption characteristics of ZnO/PVA film using nanose-
cond laser pulses, showing that they are highly nonlinear, exhibit-
ing reverse saturable absorption, and is explained by two photon
absorption. The optical limiting investigated experimentally has a
desirable lower optical limiting threshold and has negative refrac-
tive index. Therefore, these films with immobilized tiny forests of
semiconductor nanoplates appear to be attractive candidates for
optical limiters, optoelectronic devices for the development of the
non linear optical devices.
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1. Introduction

In recent years, the nonlinear optical (NLO) properties of nano-
materials have attracted considerable interest due to their poten-
tial applications in nanolasers [1], optical limiting [2] and all
optical switching [3] devices. Optical limiting property provided
by reverse saturable absorption (RSA) in which the excited state
has strong absorption compared with that of the ground state, is
gaining interest over these years due to its variety of applications
in devices for protecting sensitive devices from intense optical
radiations. Semiconductors are being experimented in this regard
for the past few years because of their extensive applications in
solid states electronics and optics. Among these materials, ZnO is a
key functional material exhibiting ultraviolet photoluminescence
emission, transparent conductivity along with semiconducting,
magnetic and piezoelectric properties and is a wide band gap
semiconductor with band gap energy of 3.37 eV, and large exciton
binding energy of 60 meV at room temperatures. It is especially
attractive due to the recent developments of its applicability as a
perceptive material for near UV emitters and ultrafast UV mod-
ulators [4]. A substantial amount of work has been carried out in
the area of nanocomposites for photonic device applications. Until
now ZnO thin films have been prepared by the number of
techniques such as spray pyrolysis, pulsed laser deposition (PLD),

* Corresponding author. Tel.: +91 484 2575848; fax: +91 484 2576714.
E-mail address: aparna.subhash@gmail.com (A. Thankappan).
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0030-3992/© 2014 Elsevier Ltd. All rights reserved.

laser molecular beam epitaxy (MBE), wet chemical method, ], and
metal-organic chemical vapor deposition (MOCVD) [5-7]. MOCVD
and MBE can give high quality ZnO nanowire arrays, but are
usually limited by the poor sample uniformity, low product yield
and choices of substrate. Also, the experimental cost is usually
very high, so they have been less widely adopted. Comparatively
speaking, wet chemical methods are attractive for several reasons:
they are low cost, less hazardous, and thus capable of easy scaling
up [8,9]; growth occurs at a relatively low temperature, compa-
tible with flexible organic substrates; there is no need for the use
of metal catalysts, and thus it can be integrated with well-
developed silicon technologies [10]; in addition, there are a variety
of parameters that can be tuned to effectively control the
morphologies and properties of the final products [11,12].

Over the past few years numerous efforts have been made in
controlling the size and shape of inorganic nanocrystals to tune
their properties for prospective applications as the size, orienta-
tion and morphology, aspect ratio and even crystalline density can
significantly influence various properties. Recent advances in
nanoscience and nanotechnology have not only revealed the
potential of nanoscale electronic and optoelectronic devices, target
drug delivery, etc., but have also shown their potential utility as a
hydrogen storage material for clean energy [13]. Therefore, devel-
opment of morphology controlled synthesis of nanostructures
remains a considerable challenge to answer the demand for
exploring the potentials of ZnO.

As we know, ZnO is a polar crystal with hexagonal phase and high
anisotropy which leads to the oriented growth along c-axis [14].
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Crystal growth morphology results from the interplay of crystal-
lographic anisotropy and growth kinetics [15]. Anisotropic tendency
in the crystal growth exploring the relationship between crystal
planes of solid material and their physical/chemical properties has
attracted the attention of several researchers [16]. We have recently
published nanoplates [17,18] and betanin natural dye [19] for
photonic device applications.

In this work, we report a systematic study on the third order
optical nonlinearity of controlled morphologies of ZnO nano/
microcrystals which include dumb bell (DB) microrod, nanoflakes,
nanoplates and microrod structures and also investigate the non-
linear behavior of nanowires with the use of pre-existing textured
ZnO, ZnS and TiO, seeds using an Nd:YAG laser (532 nm, 7 ns,
10 Hz). These properties are commonly defined in terms of
intensity dependant nonlinear absorption coefficient « (I), which
can be written in terms of linear absorption coefficient « and two
photon absorption coefficient g as

al)=a+pl @)
When SA is present the above equation modifies to
a(l) =ao/(1+/I5)) 2)

The structures were characterized by scanning electron micro-
scopy and X-ray diffraction. Depending on the pump intensity and
on the absorption cross-section at the excitation wavelength, most
molecules shows nonlinear absorption. Therefore, it is necessary to
identify their nonlinear absorption effects, and to determine their
nonlinear absorption parameters, such as the saturable intensity
(I;) for saturable absorber, the TPA coefficient (3) for two-photon
absorbing material. The room temperature nonlinear optical
properties of the as-prepared ZnO significantly depend on the
crystal size, orientation and morphology, aspect ratio and crystal-
line density.

2. Experimental details
2.1. Controllable growth of ZnO crystals

The ZnO crystals used for our experiments were synthesized by
a low temperature wet chemical method. All chemicals purchased
from Merck Ltd. were used as received without further purifica-
tion. The nutrient solution was prepared from an aqueous solution
of zinc nitrate hexahydrate [Zn (NOs3),6H,0] and hexamethylene-
tetramine (HMTA) [(CH,)sN4] heated at 80 °C. The hexamine
solution was added to the zinc nitrate solution dropwise while
stirring. The reaction decomposes HMTA to formaldehyde (HCHO)
and ammonia (NH3), acting as a pH buffer by slowly decomposing
to provide a gradual and controlled supply of ammonia, which can
form ammonium hydroxide and support OH~ [20] Finally OH™
anions react with Zn?*cations to form ZnO. To avoid sedimenta-
tion of crystals, the solution was centrifuged and washed several
times and finally embedded into the polyvinyl alcohol solution
(15%) and developed the free standing films(thickness around
90 um) (Plasto Mek, delta.0.2 kW, 230 V,1 phase). Here PVA acts
as the transparent matrix for the homogeneous distribution and
immobilization. By doing so optical properties of crystals can be
utilized in more technological applications mainly in sensors that
require large area of coating.

2.2. Nanowire growth

ZnO branched nanowires that were seeded with a thin film of
ZnO nanoparticles were grown on the glass substrate as in the
work by Greene et al. [21]. ZnO seed nanoparticles were synthe-
sized according to the method described by Pacholski [22]. 0.01 M

zinc acetate in methanol was added dropwise to a well-stirred
solution of 0.03 M NaOH in methanol maintained at 60 °C; after
two hour growth, the solution was centrifuged to separate the
nanoparticles of size 72 nm. The fresh methanol was infused to
suspend the particles. The ZnS and TiO, nanoparticles were
synthesized as follows.

The TiO, sol was prepared via a sol-gel method and synthe-
sized as follows. Titanium tetra-isopropoxide (TTIP,) was used as
the precursor to prepare TiO, sol. A mixture of HCl and isopropyl
alcohol was added to a mixture of TTIP and isopropyl alcohol
under continuous magnetic agitation at room temperature. The
TiO, sol composition was of molar ratio TTIP/isopropanol/
water=1:26.5:1.5. The [H+]/[TTIP] molar ratio ranged from 0.02
to 1.1. The resultant TiO, sol was clear, yellow and stable. The as
obtained nanoparticles were thermal treated at 100 °C to remove
the excess moisture content. Thus amorphous TiO, nanoparticles
of 35 nm were obtained.

ZnS nanocrystals are synthesized by using wet chemical pre-
cipitation at room temperature. 1 M ZnCl, and 1 M Na,S in water
are used as sources of Zn and S respectively and 2 ml of Tri Ethanol
Amine (TEA) is used as a capping agent; the solution was
centrifuged to separate the nanoparticles. The X-ray diffraction
study reveals that the size of the nanocrystals is about 2.6 nm.

The thin films are formed by dip coating the glass substrate.
The nanowires were grown on the seeded substrates by placing
them face down in a closed vessel containing equimolar concen-
tration (0.025 M) of zinc nitrate hexahydrate and hexamine in
deionized water at 80 °C.

The size and morphology of ZnO samples were characterized
by scanning electron microscopy (JEOL/EO, and JSM6390). The
X-ray diffraction data were collected on an AXS Bruker D%
diffractometer using Cu Ka-radiation (1=0.1541 nm; the operating
conditions were 35 mA and 40 kV at a step of 0.020° and step time
of 29.5 s in the 20 range from 30 to 70°. To determine third order
nonlinear optical characteristics of ZnO crystals such as nonlinear
absorption, the single beam Z scan technique proposed and
demonstrated by Sheik-Bahae et al. [23], was employed. The
transmission of a laser beam that changes near the focal point
during the sample translation along the propagation path through
an open-aperture (OA) was measured. A Q-switched Nd:YAG laser
(Spectra Physics LAB-1760, 532 nm, 7 ns, 10 Hz) was used as the
light source. A 20 cm converging lens was used to focus the laser
beam. The radius of the beam w( was calculated to be 35.4 pm. The
Rayleigh length, zo=rw?/4, is estimated to be 7.4 mm, which is
much greater than the thickness of the sample, and is an essential
prerequisite for Z-scan experiments. The sample was fixed on a
computer-controlled translation stage, so that it could be accu-
rately moved through the focal region of the laser beam over a
length of 6 cm. The transmitted beam energy, reference beam
energy and the ratios were measured simultaneously using an
energy ratio meter (Rj 7620, Laser Probe Corp.) having two
identical pyroelectric detector heads (Rjp 735). The detected
signals were acquired, stored and processed by the computer.
Optical density filters were used to vary the laser intensity at the
lens focus.

3. Results and discussions

The morphology of the ZnO crystals synthesized with con-
trolled growth rate at 6 h, 11 h, 18 h and 22 h is revealed by the
scanning electron microscopic images shown in Fig. 1. When the
reaction media was heated at 80 °C for 6 h ZnO DB microrod with
an average diameter of 800 nm and length of 3 um was formed.
The ZnO DB microrods grew along the direction [0001], which are
formed by co-sharing of two individual microrods, stabilized
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Fig. 1. SEM images of ZnO crystals (a) DB microrods (b) nanoflakes (c) nanoplates and (d) microrods and their corresponding XRD pattern.

between the Zn [0001] planes and Zn [ 0001] faces are masked.
They also have a broader size distribution than the nanoplates and
nanoflakes. Wenquin et al. [24] reported the precursor concentra-
tion dependant structure morphology of ZnO nano and micro-
crystals. ZnO exhibits a wurzite crystal structure which is a polar
molecule with [0001] polar surfaces and non-polar [ 0110] faces.
The non-polar surfaces are electrically neutral having a low surface
energy and the polar surfaces have a high surface energy, which is
the main factor for the differentiation of the growth rate along
both the polar and non-polar directions [25]. The length and width
of the synthesized ZnO crystals would be directly affected by the
growth rate in the [0001] polar face and the [0110] non-polar faces
respectively. When the heating time is prolonged for 11 h, the
crystal growth along [0001] direction decreases, leading to the
formation of nanoflakes. The DB ZnO microrods were changed into
flake shaped crystals due to the sequential dissolution of the polar
0 [0011] and the non-polar [ 0110] [26].When heated for 18 h the
ZnO nanoplates with uniform size are fabricated in large scale and
microrods are observed for 22 h. The surface reconstruction may
favor a surface orientation of a crystalline structure [27]. The ZnO
microrods are assumed to be formed by stacking the nanoplates. It
seems that both DB microrods and hexagonal microrods have
same average diameter. Here we believe that the growth time
plays a key role for anisotropic growth of well-defined ZnO
morphologies. All obtained ZnO samples are of wurtzite structure
(hexagonal phase, space group P6smc). Fig. 1 also displays X-ray
diffraction (XRD) patterns of basic ZnO structures with different
morphologies. All diffraction patterns can be indexed as pure
hexagonal wurtzite ZnO structure. Because no diffraction peaks
were observed from other impurities in the XRD patterns, it is
concluded that pure hexagonal phase ZnO structures were synthe-
sized through this simple wet chemical method.

Three kinds of crystal morphologies were obtained depending
on the seeded layer. We first observed the effect of same seed for
the growth of nanowire; obtained branched nanowire is shown in
Fig. 2(a). The growth of nanowires from a common nucleus may be
due to the aggregation of nanoparticles of ZnO— the nanowires
growing along the preferential direction of the crystalline net-
work. We repeat the same synthesis method for the nanowire
with various seeded layers; the XRD pattern of seeded layers used

for the synthesis is shown in Fig. 2(b). With the TiO, and ZnS seeds
a new morphology of nanomaterial appears; vertical microrods
(top view) and vertical nanorods. Nevertheless a small proportion
of ZnS nanoparticles does not allow for the exclusive growth of
nanorods. SEM image of ZnO nanostructures with TiO, seed and
ZnS seed is shown in Fig. 3.

Introducing the nanowire into the ZnO seeds changes its band
gap from 3.77 eV to 3.47 eV; for the TiO, seed it changes the band
gap from 3.91 eV to 3.64 eV and for the ZnS seed, it changes from
3.97 eV to 3.77 eV. (Optical band gap was calculated from Tauc
extrapolation method.)

To estimate the saturable intensity and nonlinear absorption
coefficient, the experimental data were fitted with numerical
simulations. The nonlinear absorption was measured from the
normalized energy transmission using Z-scan without an aperture.
The transmitted OA Z scan signal is given by [28]

2 [-9z 01"

Tz,5=1)= 3
@ ) mgo (m+1)>? )
where
_ Blo(t)LefrZ}
qo(z,t)= T2+ 4)

Lesr denotes the effective sample length defined by
Lesr =[1—exp(—al)]/a ()

with the linear absorption coefficient « and the sample thick-
ness I. Where m is an integer, the parameter go can be obtained by
fitting the experimental results to Eq. (3), where Z, and Z are the
Rayleigh range and the translated length parallel to the beam
propagation, respectively. This equation can be used to fit the
experimental data of the open aperture Z scan trace (the nonlinear
absorption measurements), treating Iy(t) as the position depen-
dent intensity. The position dependence in intensity should be
incorporated into the expression by considering the variation of
beam size on either side of the focus.

The imaginary part of third order susceptibility Im (;°) is
related by the following equation [29]:

Im(;®) = n%czﬁ/240 o (esu) ®
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Fig. 3. SEM image of ZnO nanostructures with TiO, seed and ZnS seed.

where ng is the linear refractive index of the film measured using
Abbe refractometer, c is the velocity of light in vacuum, o is the
angular frequency of radiation used and g is the nonlinear
absorption coefficient.

The Z scan traces are shown in Fig. 4; fits of Eq. (3) to the
experimental data are depicted in the figure by solid curves and
the measured values are tabulated in Table 1.

Generally different processes, such as two photon absorption (TPA),
transient absorption, free carrier absorption interband absorption,
photo ejection of electrons and nonlinear scattering, are reported to
be operative in nonlinear absorption. The experimental data shows a
slight deviation from the theoretical curve which is fitted for two
photon absorption. This deviation can be attributed to two photon
induced free carrier absorption which is observed in particles with
larger size [30]. As given in the table the nonlinear response of the
crystals depends on the pump power and structural geometry. As the
power is increased, lowering of the nonlinear absorption coefficient
occurs thereby diminishing the third order susceptibility. It turned out
that the local field enhancement through the size- and structure-
dependent interfacial interaction among the ZnO crystals influences
the magnitude of the nonlinear absorption [31]. When we plot the Im
(%) with corresponding band gap, we get a nonlinear curve which is
shown in Fig. 4. Generally it follows an inverse relationship. Hence
it can be inferred that an unusual behavior may occur in the
rod structure having higher band gap [E; pg microrods=3.98 €V;
Eg Nanoﬂakes:Eg: 3.54 eV, Eg Nanoplates:3~3 ev; Eg Microrods:3-74 EV].

The case of rods including both dumb bell microrods and
microrods showing perfect switching behavior could be demon-
strated by changing the pump power intensity as shown in Fig. 5.
This is confirmed by measuring the transmittance of radiation by

29 A
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Eg ineV

Fig. 4. Relationship between the energy band gap and the Im(;®) at 320 MW/cm?.

the sample. Fig. 6 shows that transmittance of radiation is more
in the case of rods as compared to plates and flakes. This can be
thought as some types of confinement of radiation are more in rod
shaped structures. We consider that they can both confine an
externally launched light into its cavity structure formed by the
hexagonal boundaries, and undergo multiple total internal reflec-
tions from the hexagonal facets, which provides an enhanced
effective optical path length to confine the light and increases the
communication between the excitation light and ZnO [32].
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Table 1
The measured parameters of ZnO crystals in which 4 is in m/GW, Im (*)*10~° in esu and I; in (MW/m?); 4 is mentioned only for the case of RSA and I for the case of SA.
320 MW/cm? 363 MW/cm? 436 MW/cm? 545 MW/cm?
Vi Im(;*) I B Im(;*) I B Im(;*) I B Im(* I
DB microrods 6.632 0.287 - - - 0.051 - - 0.243 - - 0.242
Nanoflakes 5.057 0.218 - 4.482 0.194 - 3.865 0.167 - 2.815 0.122 -
Nanoplates 6.412 0.277 - 4913 0.212 - 4.751 0.206 - 4.919 0.213 -
Microrods 6.611 0.286 - 5.043 0.219 - 3.205 0.139 - - - 0.274

Normalized transmittance

Normalized transmittance
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Fig. 5. Normalized transmittance of controlled morphologies of ZnO /PVA composite film as the function of position for different input fluences in the open aperture scheme
at 532 nm. The solid red line shows the theoretical fit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 6. The variation of transmittance intensity with the laser input of 85 pJ.

Enhancement in the optical path length increases the excited state
absorption and free carrier absorption leading to bleaching of the
ground state band, i.e., in the case of the intraband transition, the
ground-state electrons are pumped to the excited-state on increas-
ing the input fluence. The excited electrons are free carriers
possessing a whole spectrum of energies, both kinetic and poten-
tial; immediately after the absorption the excited electrons relax
to the ground-state through electron-electron, electron-phonon
and phonon-phonon interactions. The dumb bell shaped system
with least defects causes switching at low power.

One of the applications of reverse saturable absorption materi-
als is in devices based on optical limiters which are devices that
transmit light at a low input fluence, while they become opaque at
high inputs. Reverse saturable absorption, which is generally allied
with a large absorption cross section from excited state than the
ground state, brings about optical limiting effects. In semiconduc-
tor materials the optical limiting is governed by TPA as observed in
this study. Semiconductor films with high TPA coefficients and
strong Kerr-induced nonlinear susceptibilities are very good
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Fig. 8. Open aperture Z scan curves showing the effect of different seeded layers on the branched nanowires with the laser input fluence of 320 MW/cm?.
Table 2 SA or SA to RSA as shown in Fig. 8, which is assumed to be due to

The measured parameters of ZnO nanorods with various seeds in which g in m/GW,
Im (*)*10~? in esu and I; in (MW/m?); 4 is mentioned only for the case of RSA and
I for the case of SA.

$ m/GW Im(;*) *10~° esu I, MW/m?
ZnO seed 123.42 5.33 -
ZnO NW with ZnO seed 87.157 3.77 -
ZnS seed - - 0.011
ZnO crystal with ZnS seed 93.6 6.65 -
TiO, seed 127.88 9.385 -
ZnO crystal with TiO, seed - - 0.1514

candidates due to their small time response as optical limiters of
intense short pulse radiation [33]. As in the case of nonlinear
absorption the experimental investigation of the optical limiting in
the sample was performed using OA Z scan at different input
power densities. Therefore these films with immobilized semi-
conductor nanoplates and nanoflakes appear to be noticeable
candidates for optical limiting applications. The increase of the
pump power leads to the enhancement of the optical limiting due
to local field enhancement inside the plates and flakes as clearly
depicted in Fig. 7. This property is desirable for the protection of
sensors and human eyes from being affected by intense laser
radiation.

The strength of the nonlinearity can be enhanced by using
structures exhibiting a quantum confinement effect. The various
seeded layered nanostructure shows switching either from RSA to

the asymmetric bond between the semiconductor and the aniso-
tropic growth results from the various seed layers in growth rates
of the different crystal faces of ZnO which may also affect the
nonlinear absorption. The optical nonlinear parameters of nano-
crystals with different seeded layers are tabulated in Table 2. The
crystallinity of the seed layer plays a crucial role in nonlinear
absorption. The rod-seed interaction generates new complex
resulting into new energy level. This is possible only if any of the
vibrational modes of TiO, are coupled to the energy level struc-
tures of the seed material. This takes place comparatively at higher
energy so that excited state absorption (ESA) takes place, resulting
into SA. Introduction of nanowire generates energy levels so that
SA further changes over to RSA either by TPA or by ESA.

4. Conclusion

To summarize, the third-order optical nonlinearities and non-
linear responses of ZnO anisotropic structures synthesized by the
low-temperature wet-chemical method were characterized by
Z scan method with nanosecond laser. The optical limiting
enhancements in ZnO nanoplates and nanoflakes were mostly
contributed from the interfacial interaction between the structure
and the local-field enhancement in addition to a one photon
assisted energy transfer from the excited state to the nearby
trapping sites. The rods can confine an externally launched light
into their cavity structure, which provides an enhanced effective
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optical path length to confine the light show perfect switching
behavior. i.e. the geometry of structures and the correlation of
semiconductors are the crucial factors to the optical nonlinearity
and our study offers better insights into the third-order nonlinear
optical characteristics of ZnO crystals and reveals the great
potential for applications in nonlinear photonic devices.
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We report on the solvent effect on the third order optical nonlinearity of betanin natural dye extracted
from red beet root and their third order nonlinear optical (NLO) properties have been studied using a
Q-switched Nd:YAG laser at 532 nm. The third order nonlinearity of these samples are dominated by non-
linear absorption, which leads to strong optical limiting and their strength is influenced by the solvent
used, suggesting that betanin natural dyes are promising candidate for the development of photonic non-

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The need for nonlinear optical materials for applications such as
phase conjugation, image processing, optical switching and optical
limiting are increasingly become important. Recently, a large num-
ber of organic m-conjugated molecules have been investigated due
to their large nonlinear optical susceptibility and the possibility of
tailoring their properties which allow these materials to be used to
protect optical detection elements such as human eyes and optical
sensors, by controlling the fluency on the image plane below the
desired level. The outcome of such studies has helped to establish
certain guidelines for molecular design of the third-order nonlinear
optical materials with desired properties. In general; an optical
nonlinear optical (NLO) material for optical limiting has a low loss,
a high nonlinearity, high damage threshold, ease of processing and
a broadband spectral response. However, most of the synthesized
materials require elaborated preparation procedures and safety
measures, use or generation of hazardous materials, costly materi-
als, as well as fragile or chemically unstable structures beyond cer-
tain threshold irradiance. Therefore, we suggest natural dye
extracts as environment friendly, safe, and inexpensive materials,
as well as having high chemical stability during optical excitations
with coherent light sources.

Besides anthocyanins, chlorophylls, and carotenoids, betalain
are the most common pigments in the plant kingdom. These
natural pigments from plants have been extensively investigated
as sensitizers for the DSSC [1], in which red beetroot pigments
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maximum conversion efficiency of 0.67% [2]. Though the former
have inherent limitations as sensitizers owing to weak absorption
of green wavelengths, the absorption spectra of the latter have
more favorable overlap with the solar spectrum. The betalain are
water soluble and nitrogen containing pigments is relatively stable
over the broad pH range from 3 to 7 [3] have several applications in
foods such as deserts, dry mixes and dairy, comprise the red-pur-
ple betacyanins, betanin (I) and betanidin (II), with maximum
absorptivity at Ay.x about 535 nm, and the yellow betaxanthins
with Amax near 480 nm [4].

The structure of betanin is shown in Fig. 1. Beetroot is one of the
richest source of betanin, the most studied betalain, was selected
as a topic of the present study because of good colorant yield
and the prominent peak in the visible region of the spectrum for
better quantitative analysis. Unlike synthetic dyes these beetroot
based natural dyes are eco-friendly and pose no environmental
problems, which are very important for some sensitive applica-
tions. Determination of second and third order nonlinearities are
of fundamental importance for evaluation of the properties with
respect to wave-guiding structures containing betanin.

By using the Z-scan technique the optical nonlinearity of many
organic materials has been explored. It is well known that the
Z-scan technique, which was present by Sheik-Bahae et al. [5],
has been extensively used as an effective and convenient tool for
exploring the nonlinear absorption properties of various materials.
The basic absorption processes in dyes can be divided into linear
and nonlinear absorption. Nonlinear absorption is a phenomenon
defined as a nonlinear change (increase or decrease) in absorption
with intensity. This can be of either two types: saturable absorp-
tion (SA) and reverse saturable absorption (RSA). Depending on
the pump intensity and on the absorption cross section at the exci-
tation wavelength, most molecules show nonlinear absorption. If,
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however, the excited state has strong absorption compared with
that of the ground state, the transmission will show RSA character-
istics, or else SA characteristics. Therefore, it is necessary to iden-
tify their nonlinear absorption effects, and to determine their
nonlinear absorption parameters, such as the saturable intensity
for saturable absorber, the TPA coefficient for two-photon absorb-
ing material. These properties are commonly defined in terms of
intensity dependant nonlinear absorption coefficient «(I), which
can be written in terms of linear absorption coefficient ¢ and two
photon absorption coefficient 8 as

o) =a+pl (1)

TPA has the advantage of high transmission at low incident
intensity of light with an optical frequency below the band gap fre-
quency. In this paper we report the techniques used to prepare the
natural dye extracts, optical characterizations, and determination
of absorption coefficients will be discussed. Also, we are presenting
some of our findings and suggestions.

2. Experimental

The extracts of the red beets were obtained from fresh biologi-
cal materials, pigments can be water extracted and slight acidifi-
cation of the extraction medium enhances the betacyanin
stability and avoids oxidation. In order to study the effect of sol-
vent on betanin dye, the pigments are also extracted using metha-
nol and ethanol. The pigments extracts must be protected from
direct light exposure should be kept in cool place. The UV-VIS
absorption spectra of the dye solution in different organic solvents
(De ionized Water, Methanol, Ethanol) were recorded using a UV/
Vis spectrophotometer (Jasco V-570 UV/VIS/IR).

Betanin dye solutions were carried out by the single beam Z-
scan technique. The transmission of a laser beam that changes near
the focal point during the sample translation along the propagation
path through an open-aperture (OA) was measured. A Q-switched
Nd: YAG laser (Spectra PhysicsLAB-1760, 532 nm, 7 ns, 10 Hz) was
used in the Z-scan experiment to study the optical nonlinearity. A
20 cm converging lens was used to focus the laser beam. The radius
of the beam wq was calculated to be 35.4 um. The Rayleigh length,
Zp = T3/, was estimated to be 7.4 mm, which is much greater
than the thickness of the sample, and is an essential prerequisite
for Z-scan experiments. The sample was fixed on a computer-con-
trolled translation stage, so that it could be accurately moved
through the focal region of the laser beam over a length of 6 cm.
The transmitted beam energy, reference beam energy and the ra-
tios were measured simultaneously using an energy ratio meter

18
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Hooc™ N~ 14 >CooH
17 i 15

Fig. 1. Structure of betanin pigment.

(Rj7620, Laser Probe Corp.) having two identical pyroelectric
detector heads (Rjp735). The detected signals were acquired,
stored and processed by the computer. Optical density filters were
used to vary the laser intensity at the lens focus.

3. Results and discussions

When absorption spectra of betanin are measured in solvents of
different polarity(de ionized water, methanol and ethanol) at var-
ious concentrations, it is found that the positions, intensities and
shapes of the absorption bands are modified by these solvents, is
shown in fig. 2 in which the visible range (520-565 nm depending
on the solvent)is attributable to betanin. These changes are a result
of physical intermolecular solute-solvent interactions (such as di-
pole-dipole, ion-dipole, hydrogen bonding, and induced dipole-
dipole), which above all tend to alter the energy difference be-
tween ground state and excited state of the betanin and external
solvent polarization interactions can lift internal symmetry restric-
tions in the solute molecule can induce new bands. The decrease of
polarity of the solvent leads to the red shift caused by the solute/
solvent dispersion interactions.

Optical properties of organic molecules utilized in scientific and
technological applications can strongly depends on properties of
the surrounding media and the interaction of the dancing mole-
cules. For liquid solutions, solvent plays fundamental role in opti-
cal processes, and various modes of energy transfer are involved in
sample solution are collision between base fluid molecules,
thermal diffusion in the molecules suspended in fluids, collision
between the samples due to the Brownian motion, thermal interac-
tions of dynamic or dancing samples with base fluid molecules and
light induced aggregation of samples, leading to the modifications
of ground state and excited states of the molecules. Such solvent
effects mainly the interaction of dye molecules to the solvent sur-
roundings which depends on the arising forces which can be deter-
mined by the charge distribution and polarizability of the solvent
and solute molecules [6,7].

Figs. 3-5 show the open aperture Z-scan curve of different con-
centration of betanin in water, ethanol and methanol respectively.
The data is analyzed using the procedures described by Sheik-Ba-
hae et al. for a two-photon absorption (TPA) process.

The transmitted OA Z-scan signal is give by

Sz 0)”
Tas=1) =3 oy @)
where
2
a(z.0) = FLIEE G)
Ly = [1 — exp(-a1)]/o (4)

where m is an integer .the parameter qo can be obtained by fitting
the experimental results to the Eq. (2).where Z, and Z are the
Rayleigh range and the translated length parallel to the beam prop-
agation, respectively. Iy denotes the intensity of the incident beam
at the focal point.

Experimentally determined nonlinear absorption coefficient (B)
can be used in finding the absolute value of the third-order nonlin-
ear optical susceptibility, through the relation

Im(y®) = nac*p/240m w(esu) (5)

where ng is the linear refractive index of the sample measured using
Abbe refractometer, c is the velocity of light in vacuum, w is the
angular frequency of radiation used and g the nonlinear absorption
coefficient. When SA is present Eq. (1) modifies to

o(l) = otp/1 + (/1) (6)
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Fig. 3. Open aperture Z-scan curve of different concentration of betanin in water.

If excitation intensity Iy is less than I;, we can consider SA as a
third order process and in such cases —a/I; is equivalent to nonlin-
ear absorption coefficient § which will then give Imy®.

As the concentration of betanin in water increases RSA switches
to SA and at the intermediate concentration RSA within SA is ob-
served and further no energy absorption takes place. We assume

the -COOH on the five membered rings to be the most acidic of
the three carboxylic acid groups on Betanin .But in the case of alco-
hols the H bonding is more energetic than that of water have higher
excited state absorption cross section, so as the concentration in-
creases RSA behavior switch to RSA after an the intermediate con-
centration exhibiting RSA within SA except for methanol. If the



A. Thankappan et al./Optical Materials 35 (2013) 2332-2337

2335

1.05 T T T T 1.05 T T T T T T T T 13 T T T T T
+ 9% inehanol ¢ $Sineheol i + 32%inethenol
1 Pty —— Thaesca 1f _‘_Pg“”‘ 1 — Theresd® 125 *‘i A — Thaescd
Q D™ »’M = D95t &4+ shAR s H
.95 %\ . \ + try 12| of R
P’ A ’. 09t \. 4 . ﬁ}' \
ool Al J 085l \ 115} 7 g’\
» + *II'J ‘\ / ’ A \
| A 0.75¢ '|| - / Y
’ s ) 3 ) & .
; + i ¢ 3+ e#* J * h
0.75¢ “7? 0.65. \ /' 1F g "
| !
0.7¢ Y 0.6} 'y 2.95¢ ey
0.65 L L L L L 0.55 T T S S S’ 0.9 i ; i " ) L
B3 032 a o0 1 3 3 25-2-157-495 005115 225 “3 2 -1 0 1 2 3 4
Z (cm) Z (cm) Z (cm)
1.25———————————— 105 : 1.02——— ———
B - - ¢ 4,¢
+  24%in ehanol + 19%inehenol + + ,,»‘
12 | —— Teomteal® | o —— Therescd & 1_st? s —
AN & + I s SER
L15 /) | \\ | 1t g_‘!_*\_\ % . ] 0.98 \‘\ / 4 ,
g ,":’* \ ( &+ 5 & + 0.961+ \ + 185 nensod
11t / | e \ ] # +/ . \ —— Thecretcal &
- I+ Foe 2.95} ¥ 0.94f L
.’,’ + 3+ ‘\ \l| | 01|I l
£1.05- /] "W T 4o 0.92} |
A | os) 1 o9 ||
N 1t 4o | 1 - Jﬁ f - \ !
*i f 0.88: +
2,95} 1 v
- \ 085 \| ff' ' 030t
|
03t ‘ k. 2841 |
o8s . o, .t . o8l i @ o ¢ 08— v o . .
4 3 2 1 o 1 2 3 2 15 105 0 05 1 15 2 545105005 1152 353
Z (cm) Z (cm) Z (cm)

Fig. 4. Open aperture Z-scan curve of different concentration of betanin in ethanol.

intermolecular and intra molecular H bonding interaction which
takes place both in the ground state and in the excited state of
the molecule is reasonably strong, it may cause a substantial change
in the electronic levels of the dye molecules, and there will be a sub-
stantial change in the optical behavior of the dye molecules. The
strength of the H bonding in the ground states and the excited
states of the dye molecules depends on this difference in the elec-
tronic charge distribution, it was clearly observed from the absorp-
tion spectra depicted in fig. 2.This differential effect and the number
density of the dye molecules in the laser beam affects the nonlinear
behavior and made them interesting. In general, induced absorp-
tion can occur in betanin natural dye, due to a variety of processes
such as excited state absorption, two-photon absorption, interband
and intraband transitions and nonlinear scattering [8]. By light
absorption the betanin pigment chromophore excites 1 electrons
to a more energetic state (7*), increasing reactivity or lowering acti-
vation energy for the molecule. This is attributed to the visible tran-
sition of betanin is well-described as a HOMO — LUMO excitation
from the aromatic ring to the surrounding solvent. The betalain pig-
ments are more extracted from the alcohol solution (yellow betax-
anthins 4 =480 nm) than from the water [9]. In alcohol solution
such an association with -COOH group might be pronounced than
water and this conjugation increases with the decreases of the
polarity of the solvent .Hence the /.« shifts to longer wavelengths
in ethanol and methanol, and the absorbance gradually increases
from water to methanol. This observation suggests that the differ-
ence in energy spacing between 7 and n* for the dye molecules

may not be large in water and the FWHM increases with the de-
crease of polarity of the solvent,which may attributed to the inter-
esting nonlinear behavior of betanin. From the point of view of the
solvent influence, at a particular concentration the g value increases
as the solvent polarity increases which is due to the increase of the
degree of charge delocalization [10]. The decrease of polarity of the
solvent is also support our investigations are indicated in Table 1.

Thus inter molecular and intra molecular H bonding between
dye and solvent molecules causes a change in the electronic distri-
bution in the dye molecules. The observed switch over behavior
could be due to the bleaching of the ground state band, i.e., in
the case of the intraband transition, the ground-state electrons
are pumped to the excited-state. The excited electrons are free car-
riers possessing a whole spectrum of energies, both kinetic and po-
tential, immediately after the absorption the electrons excited
relax to the ground-state through electron-electron, electron-pho-
non and phonon-phonon interactions. Once these electrons are ex-
cited by a pulse close to absorption peak, they do not oscillate at
the same frequency as that of the unexcited electrons, thus causing
the ground-state band to bleach or reduced in intensity, which is
almost synchronous with the primary photon absorption. Such
change over in the sign of the nonlinearity is due to the interplay
of the exciton bleach and optical limiting mechanisms. The ob-
tained values of the nonlinear parameters in different solvents
are given in Table 2.

In the present case the irreversible damage induced by the in-
put pulses and the presence of sucrose are supposed to play the
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Fig. 5. Open aperture Z-scan curve of different concentration of betanin in methanol.

Table 1
Polarity of solvents.

Solvent Water (H,0) Ethanol (C;HgO)

5.2

Methanol (CH40)
5.0

Polarity index 9

significant role in the observed transition from SA to RSA on
increasing concentration of betanin. Results of the present study
provide additional mechanism for gain enhancement.

The optical limiting effects are of special interest in nonlinear op-
tics and optoelectronics owing to their possible application for the
protection of eyes and sensitive detectors against intense radiation
and an important parameter in optical limiting phenomena is lim-
iting threshold which defines the efficiency of optical limiting mate-
rial [11]. As shown in the Z-scan open aperture results, the betanin
in deionised water, ethanol and methanol exhibited significant

transmittance drop when the sample was moved to the vicinity of
the focal plane. This transmittance drop is generally considered to
be due to nonlinear absorption, nonlinear scattering, or combined
effects. To characterize the optical limiting performance of betanin,
we have directly measured the energy transmission as a function of
fluence at 532 nm using 7 ns laser pulses. The results of betanin in
three different solvents are shown in Fig. 6. The deionised water,
ethanol and methanol solutions exhibit significant transmittance
changes as the input fluence is varied from 50 to 450 MW/cm?, with
the methanol solution showing the best result and the limiting
threshold appears to be 104 MW/cm?.Comparing the optical limit-
ing performance of dye molecules with their corresponding linear
absorption spectra, it is observed that higher the linear absorption,
better the limiting performance. Changing of the solvent not only
affect the linear absorption spectra, but also dramatic influence on
the nonlinear property and their optical limiting characteristics.

Table 2
Measured values of the nonlinear optical parameters of betanin in different solvents at a wavelength of 532 nm for different concentration at input fluence of 436 MW/cm?.
Betanin Water Ethanol Methanol
(C\‘;gf;r)‘“a“"“ (MW/M2)  Im(x3) (10 Cesu) B I Im(x3) B I Im(x3)
) (10710 M/wW) 10 '°mM/w)  (MW/M?) (10 Cesu)  (10°1°M/W)  (MW/M?) (10 'Cesu)
9 - 0.101 3.091 0.070 3.036 - 0.069
4 - 0.160 3.452 0.078 2215 - 0.050
3.2 - 0.089 177 1.526 - 0.034
24 - 0.107 .089 .7097 - 0.016
1.6 2.903 - 0.066 1.655 0.037 981 - 0.022
1.2 2.526 - 0.057 1.596 0.036 - - -
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4. Conclusion

In summary, our Z-scan experiments have revealed interesting
features of the nonlinear absorption properties of betanin natural
dye in different solvents. Nonlinear absorption coefficients and sat-
uration intensity were estimated by performing numerical fitting
to the experimental data. Both inter molecular and intra molecular
H bonding has profound effect on the nonlinear optical properties
of betanin. The solvent modified the linear absorption spectra and
nonlinear behavior of betanin natural dye. The simultaneous
occurrence of the nonlinear behavior of betanin in different sur-
rounding media can be made use of in developing various photonic
devices. The fact that reverse saturable absorption exists in the
vicinity of the linear absorption band combined with the possible
two-photon absorption makes betanin a very promising candidate
for optical limiting applications.
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